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1. INTRODUCTION

Vibration induced fatigue failure of rotor blades is of continuing
concern to the designer of aircraft engines. The emphasis on improved engine
performance under the necessary constraints of minimum weight and satis-
factory life requires that vibration levels in all rotor blades be kept low.
Further, certain important design considerations of rotor blades require a
thorough understanding of the aeromechanical characteristics of bladed disk
assemblies. These design considerations include Mi blade life prediction
which uses vibration amplitudes in its calculations, (ii) setting allowable
frequency margins which need to be justified on the basis of the intensity of
resonant stresses at integral order speeds, and (iii) prediction of suscep
tibility of the component to aeroelastic instabilities. -tcearly, a success-
ful design process depends on the reliability of the analyses that serve as
the basis of design systems. Such reliability can be established only
through a data base obtained 'through tests of components conducted under
controlled environments.

An assembly of light and flexible blades with or without shrouds is

prone to vibration in an operating environment. Periodically varying pres-
sure fields from guide vanes, flow distortion due to struts or other upstream
obstructions and unbalance of the rotor system are some of the principal
sources of excitation that result in blade vibration response. Limiting the
vibratory stresses to acceptable levels in a given design requires that the
designer be able to calculate the dynamic characteristics of the assembly. -

The calculation of vibratory characteristics of an assembly of blades
usually relies on an important assumption; i.e., any one blade on the rotor
is assumed to be identical in all respects to any tither blade on the same
rotor. Based on this assumption, the frequency response characteristics of a J*_
bladed disk assembly are computed. The results are used by designers to set
resonant speed margins of rotors and also to determine blade flutter suscep-

tibility. However, minor differences in individual blade characteristics are
inevitable, severe requirements on manufacturing tolerances notwithstanding.

A phenomenon known as mistuning arises from scatter of vibrational character-
istics such as, for example, a scatter in frequencies of individual blades

mounted on the periphery of a rotor disk. Even a rotor with essentially no
scatter in its blade frequencies develops some scatter due to nonuniform
normal wear during service. Therefore, it is only the degree of mistuning
that differs from one rotor to another.



For a "tuned" rotor, the distribution of vibratory amplitudes remains
harmonic and the vibratory mode shape of the bladed-disk assembly can be
described in the familiar nodal diameter/nodal circle pattern. The modes of
amistuned assembly may not exhibit such ordered patterns. The circumfer-
ential variation of vibratory amplitudes in a mistuned rotor may not bear any
resemblance to a sinusoidal wave. The extent of change from an ideal, veil-

* ordered set of mo-des to an arbitrary, irregular set of vibratory patterns
* depends upon a host of parameters, such as Wi extent of scatter in individ-

ual blade frequencies, GOi blade location around periphery of the rotor,
* (iii) degree of mechanical and/or aerodynamic coupling, and (iv) mechanical

damping present in the system and the nature of its distribution around the
rotor due, for example, to nonuniform rubbing at shroud interfaces.

Some comments in regard to the last item are in order. In the area of
turbomachinery structural dynamics, an aspect that has eluded both analysis

*and expe-rimentation pertains to relative motion at shroud interfaces of a
bladed-disk assembly. The practice of designing a part-span shroud on fan

* blades has been in vogue for a number of years following the practice of
* using lacing wires in steam turbines. The difficulties associated with anal-

ysis of an assembly of blades with shrouds lie in the uncertainties of the
* nature of boundary conditions at these interfaces. Although the primary

motivation to design shrouds on fans continues to be governed by rotor stiff-
* ness requirements, the contributions to damping due to rubbing at the inter-

faces are acknowledged. The extent of these contributions to vibration damp-
ing, however, has not been accurately established. Careful measurements made
on a typical advanced fan blade made of titanium alloy (8-1-1) show (see Ref.
1 ) that (1) material hysteresis damping is negligibly small and (2) damping
at dove-tail root interfaces tends to diminish rapidly as the centrifugal
pull on the blade increases. Therefore, the structural integrity of a tita-
nium alloy fan during resonant vibration or flutter must depend upon dry
friction damping at shrouds and aerodynamic damping. Therefore, there is
clearly a need to develop a body of data from a vibrating fan so that the

* nature and extent of the complex motions at shroud interfaces can be under-
stood. It is only through such a data base that one can attempt to define

* the scope of analytical modeling needed. A successful development of
properly calibrated analytical models will influence the blade designer to
consider including damping as an additional criterion in his design.

* The vibratory response characteristics of bladed-disk assemblies with
part span shrouds can be quite complex in view of blade to blade nonuniform-
ities in frequencies as well as damping at shroud interfaces. Some of the
principal issues that need clarification are: Wi what is the extent of
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coupling provided by the shrouds and how does it vary over a range of speeds
and frequencies? (ii) How significant are twin modes and how does damping
influence the twin mode responses? (iii) What is the extent of influence of
a severe aerodynamic environment on the basic modal characteristics of the
assembly of blades? (iv) What relationship exists between aerodynamic stimu-S
lus and blade strain? (v) What is the nature of shroud motion at the inter-
faces? (vi) What levels of nonaerodynamic and aerodynamic damping can be
expected in a vibrating assembly? The answers to these and other questions-
will undoubtedly enhance our understanding of the behavior of bladed-disk
systems and lead to improvements in prediction methods.

The Air Force Aero Propulsion Laboratory at the Wright-Patterson Air
Force Base sponsored a research effort at UTRC under Contract #F33615-79-C-
2054 to address some of the issues mentioned above. This report discusses
these issues further and presents the results obtained from forced vibration
tests conducted on a part-span shrouded fan assembly in vacuum as well as in
an aerodynamic environment.
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II. PROGRAM OBJECTIVES

The primary objective of this research effort is to characterize a
shrouded fan, i.e., understand its dynamic response characteristics over a
range of speeds when it is subjected to forced vibration in vacuum in a spin
rig and to distortion induced vibration in an aerodynamic rig. Such a
characterization is to be established by analysis of strain response data
obtained when the assembly is driven by predetermined standing or traveling
wave forcing in a vacuum rig and an aerodynamic rig. Both tuned and mistuned
conditions are to be considered. Further, in order to complete the process
of understanding the behavior of the system, the motion at shroud interfaces
is to be recorded from spin rig tests and analyzed. A distortion screen is
to be used in inducing a selected mode of vibration and a comparison is to be
made between responses in the tuned and mistuned conditions. In order to
relate the response to the aerodynamic stimulus, data is to be taken to
determine the velocity defects in the flow at several predetermined radial,
circumferential and axial locations between the screen and the rotor. Vibra-
tion measurements are to be made both at "clean" and distorted flow condi-
tions. To the extent possible, similar modes are to be observed in the non-
aerodynamic and aerodynamic environment so that an assessment of contribu-
tions to damping from these two different sources can be made. Finally, the
influence of exit guidevanes on the response characteristics of the fan is to
be measured.

With these objectives in mind, an experimental research effort was -

outlined taking into consideration (a) test rigs available to conduct this
program, (b) calculated vibration characteristics of the test component
selected for use in this program, and (c) important features in regard to the
state-of-the-art techniques in vibration excitation, data acquisition and
processing techniques developed at the Research Center.
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III. TEST RIGS

The important features of the test plan will be presented in this '0

section. Additional details, as necessary, in regard to each aspect of the
plan, will be presented in subsequent sections of this report.

1. Test Rigs Used in the Program

Two rigs were used to conduct tests called for in the research program.

The salient features of both the rigs designated A and B are described below.
Rig A was used for all nonaerodynamic tests, and Rig B was used in all aero-

dynamic test conditions.

a. The Rotating Test Facility: Rig A

The schematic of the rotating test facility is shown in Fig. 1 and the
photograph (Fig. 2) shows an overview of the rig. The facility had been

designed to spin components of up to five feet in diameter rotating at speeds .
up to 3000 rpm. This diameter and rotational speed results in a force field
of the order of 10,000 g's. The rotational speed of the test specimen is
controlled by a 15 hp variable speed electric motor whose speed is regulated
to less than 1 percent variation by a tachometer feedback control. The 6'

diameter chamber can be evacuated to a pressure of approximately 5 torr. The
facility had been designed such that the top half of the chamber can be
removed for inspection and replacement of models. A 40 channel slip ring
unit provides the capability to acquire data from the spinning test

component.

b. The Aerodynamic Test Facility: Rig B A

The overall arrangement of the aerodynamic rig is shown in Fig. 3. Air

enters the facility through a twelve foot diameter inlet with aluminum

honeycomb inset into the face to remove cross-flow effects. The inlet

contracts, passing the flow through a series of fine mesh screens to reduce
the turbulence level. A further contraction achieves the five feet outer
diameter of the test section. A distortion-generating section may be
installed upstream of the test section. Provision is made for installing
spacers to locate the distortion generator at various upstream positions

relative to the test section. The test section itself consists of an axial
series of constant diameter casings enclosing the rotor assembly and any
necessary inlet and/or exit guide vanes. The rotor is mounted on a drive
shaft cant ilevered from two downstream bearings providing a clean flow path
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to the model blading. The shaft is driven by a 200 hp D.C. motor with a

maximum speed of 1200 rpm and 0.1 percent accuracy on speed regulation.

Downstream of the test section, the flow is decelerated by means of a dump

diffuser before entering the inlet of a centrifugal fan which exhausts the

air through the building roof. The fan is capable of a maximum static

pressure rise of 25 inches of water and has a vortex valve mounted in its

inlet face to control the axial flow rate. Axial velocities between 50 and

300 ft/sec are possible with typical fan and compressor models. The rotating

frame instrumentation is interfaced to stationary frame equipment through a

100-channel slipring package mounted on the aft end of the rotor shaft.

Details of the test section are shown in Fig. 4.
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IV. THE TEST COMPONENT

The capabilities of the available rigs dictated the design goals for the

bladed-disk assembly. Operating at 1200 rpm, the fan must develop a moderate
to small pressure rise--less than 1%, and must have, in the speed range,

modes of vibration in the first and second families that can respond under

forced vibration. The final design resulted in a 60" diameter fan consisting

of 40 blades. Each blade made of aluminums (AL6061T6) is 15" long with an-
aspect ratio of 2.5 (tip) - 3.0 (root) with a part span shroud located at 47%

span. The maximum thickness of the airfoil increases linearly towards the

tip in order to bring the frequencies low enough to be excited within the

speed range. The root attachment is a bolted dovetail arrangement with
matching slots in a disk of 30" diameter. To provide realistic loading at

shroud and root interfaces, at 1200 rpm, a pretwist of 1* was built into the

design so that on assembly, the shrouds would be loaded with about 180 lbs.

and the root was tightened using two axial bolts through the disk. A

photograph of the assembly designated as the R-80 fan is shown in Fig. 5.
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Figure 5 The R-80 Fan During Assembly
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V. ME.CHANISMS OF EXCITATION OF THE ASSEMBLY

in the effort pertaining to the mechanical characterization of the fan

in an evacuated spin rig, a method to impose a forcing function was needed.

The conventional method of shooting air jets at blades was not preferred, not
only because of considerable modifications needed to be made on the rig, but
also of additional uncertainties accompanying any measurement of damping.
The techniques required for the excitation of a bladed disk assembly must
permit control of the level, frequency and phase of excitation of individual
blades. In this way, the modal parameters (frequency, mode shape and
damping) can be completely defined.

Three, techniques were chosen to excite the model fan: Wi preliminary
characterization through the use of instrumented hammer in the nonrotating
condition, (ii) piezoelectric crystal forcing element for use in both
rotating and nonrotating conditions and (iii) distortion screens for aero-

dynamic excitation.

The instrumented hanmmer is generally used to excite a structure
transiently for use in modal analysis systems which employ the FFT techniques
to determine modal parameters. This impulsive force technique utilizes short

transient force inputs (with corresponding broad-band spectra) to excite all
the modes in the structure simultaneously. A force transducer is mounted on
the hammer and an accelerometer is located on the structure at a fixed loca-
tion. The structure is excited at a multiplicity of predetermined locations
using the hammer and the response is picked up by the accelerometer. The two

transient time histories, i.e., force and response, are automatically
digitized and then Fourier transformed by a minicomputer to yield input and
output spectra.

The piezoelectric crystal, which was used in both rotating and non-
rotating tests, by virtue of its unique electromechanical properties, is
ideally suited for exciting structures with minimum modification of the

structural mass and stiffness properties. Piezoelectric crystals have been
successfully used as structural exciters in the areas of material damping
measurement (Ref. 1) and bladed disk forced vibrations (Ref. 2). Excitation
by crystals can be effected by using an elongated crystal wafer bonded to the

surface of the structure such that when a voltage is applied to the crystal,

a longitudinal strain is imparted to the surface which in turn produces a
local bending moment about the neutral axis and so bends the structure. This
method is best suited to plate-like structures. UTRC has successfully
developed a crystal excitation system that has proven to be a reliable method

of imposing standing and traveling wave modes of forcing as described below.

13



1. Development of Piezoceramic Driven Elements

Preliminary research into the feasibility of using piezoceramic elements
for use in exciting a structural component followed by a demonstration

* program conducted in two phases and described below served as the basis for
the design, development, fabrication and installation of a unique excitation -

* system that was used as the principal source of excitation during mechanical
characterization of the fan.

* The first phase of demonstration consisted of simple tests conducted on
flat plates. Crystal drive capability at resonance was demonstrated on two
flat cantilevered aluminum alloy plates with dimensions 15 x 5 x 0.125 and
7.5 x 2.5 x 0.05 (inch units). Each plate was driven by a single crystal
(0 x 0.25 x 0.02) glued to the surface at the fixed end. The largest plate
required 400 volts (pk-pk) to generate a ±0.05 inch tip displacement at the
resonant frequency of 17 Hz.

In the second phase, tests were conducted on a table model of a "bladed
disk." A 13 inch diameter eight "bladed disk" was cut from flat aluminum
alloy sheet 0.05 inch thick. Each "blade" is rectangular (5 inches long and
1.1 inches wide) and is instrumented near the root with a driver crystal on
one surface and a responsive crystal (sensor) on the other at the same/span-
wise/chordwise location. The eight bladed flat plate disk model was charac-
terized using a Frequency Response Analyzer. Both Bode and Nyquist response

plots were generated for a) each individual blade (with the others clamped)
* and b) the assembly (excited using a crystal on a single blade). The indivi-
* dual "blades" were found to be mistuned by up to 5% of the average value of
* the first blade bending mode frequencies. Four significant modal responses

of the assembly were measured between 50 and 80 Hz. These results formed the
basis for the evaluation of techniques and voltage requirements needed to ---

excite the blades in a required stationary mode or at a given constant inter-
blade phase angle. Preliminary results indicated that the degree of mistun-
ing plays an important part in the power requirements of the drive system.

Prior to the final design of the Excitation System, the feasibility of
using bender element type piezoceramic crystals to excite the test blades was
established by full scale testing. The test pieces used were an aluminum
flat plate and an aluminum curved plate having similar dimensions to those of
the above-shroud portion of the test blade (span - 7.9 inches). The plate
was clamped at its root station. Excitation was provided by two lead zircon-

* ate titanate crystals mounted and connected in parallel on the plate near the
root. The crystal dimensions were; length 1.3 inches, thickness 0.0075 inch,

and width 0.9 inch and 0.75 inch, respectively. The adhesive used was DEVCON
* 5 Minute Epoxy. It was found that for a given applied signal, the blade

14



response was approximately proportional to crystal width. For an applied

voltage of 100 volts rms, maximum root stress in the first mode (59 Hz),
obtained using both crystals, was approximately 1600 psi with a tip deflec-
tion of 0.11 inch DA. A strain gage mounted on the crystal indicated no

phase shift in strain between the plate and the crystal. Excitation for
extended periods of timc and otlher physical tests proved the ruggedness of
the Uk~knted crystals.

For application to the curved surface of the test blade, a configuration

consisting of three crystal elements each 0.5 inch wide closely mounted in
parallel directly on the blade surface was being considered. Three closely
spaced drive crystals from samples of Gulton Industries' G1278 material (each
1.33" x 0.59" x 0.0075") were mounted just above the shroud on the curved
aluminum sheet test piece. Power requirements for measurable response in the
first flap and torsion modes were confirmed to be 100 volts rms/40-50m A
rms.

Information received from Gulton Industries indicated that 01356 lead
zirconate titanate crystals were better suited to the present application
than the 01278 crystals used in development because of their greater toler-
ance to high voltages. Samples of the material were received and tested on
the test plate. The performance of the new crystals was found to be superior
to that of the earlier selection, and the final configuration chosen for the
test blade comprised only two G1356 crystals each 1.00" x 0.5" x 0.01"
mounted on the suction surface just above the shroud.

The aerodynamic effects of the crystals were minimized by covering and
contouring the surface with epoxy. The connecting wires were made from flat
copper ribbon wire attached to the blade with Scotch Brand Transparent Tape
which was also used to insulate the wire from the blade. A small patch of
silver epoxy was put on the underside of the crystal to provide the electri-
cal contact (return path) between the crystal electrode and the blade.

2. Blade Drive Control System

The Blade Drive System was designed to excite standing wave or traveling

wave patterns of vibration in a forty bladed disc assembly by synchronously
energizing the crystal drivers mounted on each blade. The electronic system
consists of an operator control chassis (see Fig. 6) and rotating control
hardware (see Fig. 7) including 40 high voltage amplifiers. The rotating

control hardware can be programmed manually via switches on the operator
control chassis. Synchronized reference signals are generated by the control
hardware and routed to the blades as designated by operator selection for
each blade.

15
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The control system consists of an operator control panel and rotating
microprocessor-based control hardware, linked via 15 control signal slip
rings and four power slip rings. The operator control panel provides a drive
amplitude control, a select switch for traveling wave nodal diameters and
switches used in combination to program the mode of operation for each blade
as described aboyve. A matrix of indicator lights display the selected mode
for each blade. A programmed standing wave pattern (see Fig. 6) may be
rotated around the disc in one blade increments. Up to 10 nodal diameter
patterns may be generated over an input frequency range of 40 to 400 Hz.

Phase control accuracy is +1 deg. The system may be operated over a tempera-
ture range of 0-70*C and with steady accelerations of up to 600g.

3. Drive Modules

A drive module is provided for each of the forty blades. A remote con-
trol static selector on the modules detemines the control reference signal to
which the blade drive will respond. This selection is determined by the
operator in order to generate the desired assembly response. Selections
are:

1) in phase with control frequency

2) 180 deg. delay from control frequency

3) no excitation

or 4) incremental phase from control frequency

A low distortion digital to sine wave converter is incorporated. A

power amplifier provides up to +140 volts DC excitation to the crystal.
Excitation amplitude is manually variable from 0 to full scale via a-single
operator control which varies excitation to all blade drives. No feedback of
blade position is utilized.

4. System Development

Breadboard testing of design concepts demonstrated satisfactory opera-
*tion for input frequencies within the range of 40 to 400 Hz. A digital to

sine wave converter was demonstrated. A two channel drive unit was bread-
boarded to confirm the selection of the main components and provide a

18



demonstration of interblade phase control. Refinements made to the system

included the improvement of the resolution of the digital to sine wave con-
verter with the resultant reduction of harmonic content to better than -50dB.

Mechanical and electrical design of the system incorporated potted

printed circuit board concepts for the rotating hardware. Installation of

the drive module on the rotor was simplified by limiting the connections to
one plug-type slip ring connection and one soldered-wire connection to each
blade crystal. The total system was bench tested using simulated drive

crystals and demonstrated compliance with the design specifications. The
system was operated extensively and marginal components were identified and

replaced prior to potting. A final bench test was made after the potting

operation.

IP

L
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VI. BLADE STRAIN MEASUREMENT SYSTEM

The basic response of the assembly was measured using strain information
from a single location on each of the 40 blades. This location was selected
on the basis of a calculated high stress region on the blade just above the
leading edge of the shroud (mid span, 20% chord). In order to obtain more
detailed blade modal data, one blade was instrumented at two additional loca-

tions, one at mid-span (80% chord) and the other at the root (50% chord). -

With so many channels of data, a multiplex system was designed to allow 20
channels of data to be acquired simultaneously. A schematic of the Data
Acquisition System is shown in Fig. 8A and a photograph of the entire system
is shown in Fig. 8B. The data acquisition system ATLAS (Aeromechanics Trans-
ient Logging and Analysis) can be clearly seen in the photograph and was used

in all phases of this program. To increase the signal-to-noise ratio of the
strain data, two 350S2 gages were mounted, one on each surface of the blade,
and connected, in a half-bridge network, to on-board signal amplifiers. 20
multiplexed 7-channel strain gage amplifiers (with nominal gain of 500) were
designed and built. The microelectronic circuits were mounted on flexible PC
board and potted to form cigar-shaped modules about 4 1/2 inches long and I
inch wide as shown in Fig. 9. Twenty of these modules were mounted in the
disk just inside of the rim and connected to the strain gages using 24-gage
enamel coated wire glued to the surface of the blade. Power, switching and
signal wires were routed along the disk to the slip rings. The switching was
arranged such that the responses from blades in all 20 odd-numbered slots
could be acquired simultaneously and similarly for the 20 blades in the even--

* numbered slots. All data were digitized and stored on magnetic tape for sub-

sequent analysis.

The digitized time series from all the gages were harmonically analyzed
to determine the response mode shape (strain) around the rotor. These lead
to stickplots at an instant of time and a quarter period later as will be

* displayed subsequently. Further data reduction involved the calculation of
the strength of contributing harmonics. The flow chart shown in Fig. 10
shows the step-by-step procedure in data reduction.

on-line observation of strain responses for taking preliminary readings
and setting test conditions was possible with use of a patch board, a rotary
switching system and a dual channel oscilloscope. This enabled any selected
blade response to be compared with any of the others very conveniently.
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VII. RIG ASSEMBLY AND SHAKEDOWN TESTS IN RIG A

The instrumented bladed disk assembly (see Fig. 11) was mounted on the -

vertical 2 1/2" diameter shaft of the spin rig using an aluminum flanged hub
shaft adapter. The excitation system module was mounted using an adapter
which was also bolted through the disk onto the flanged hub. Electrical
connections were made via connectors at the top of the shaft. A wiring
harness was then passed down a 1I' diameter hole bored through the center of
the shaft. Connections were made to the slip ring units (50 rings).

The strain-gage output lines were connected to the on line monitoring
system with output observed on a dual channel oscilloscope and a digital
voltmeter. The excitation system power supplies and control console were
connected. After initial system checks which showed satisfactory operation
of the excitation system and strain acquisition system, blade tip amplitudes
of 0.1 in were obtained at an input power supply of only 40%. Final check
out of the system at 0 rpm indicated a noise level of less than 2 my and
resonant response levels exceeding 250 0V. The rotating assembly was
balanced in place using velocity pickups mounted on the bearings. The rig
was run up to 1200 rpm and rough running regions were noted. Analysis of
these data indicated that possible regions for low rig vibration runs were:
<360, 550-750, 830-880, and 1050-1200 rpm. Straingage system noise levels
were 1.5 mV at 0 rpm, and 15 mV at 1200 rpm. This was high frequency noise
which was easily removed using low pass filter of 1000 Hz. It was confirmed
that the excitation system was capable of imposing all the required forcing
functions and that measurable blade responses would be obtained.

Vibratory characteristics of the fan at different speeds were recorded
using (a) the frequency response method in which any individual blade or the
assembly is excited at gradually incremented frequencies over a chosen
resonant response, and (b) the transient response method in which the
stimulus causing a resonant response is suddenly removed and the resulting
decay analyzed. The stimuli used included (a) crystal excitation imposing
stationary and traveling wave (forward and backward) forcing functions on the
spinning component in evacuated conditions.

The nature of the response was determined from strain-gages on all of
the blades and an optical instrumentation system was used to measure shroud
motion at ten consecutive shroud interfaces as will be described in a later

section of this report.
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VIII. PRELIMINARY TESTS TO DETERMINE THE R-80 RESPONSE FEATURES

The purpose of this phase of testing was to determine (a) how well the
assembly responds to excitation, (b) the nature and level of mistuning
actually present in the assembled system, and (c) to develop test techniques
using the excitation and instrumentation systems discussed in the previous
section. As it turned out, this phase was quite essential and useful in
setting the direction of the entire program.

These preliminary investigations at zero speed consisted of attempting
to excite system modes of the fan assembly by (a) individual blade excita-
tion, (b) standing wave and (c) traveling waves. A patch board and rotary
switch arrangement was developed so that the phase of the response could be
quickly scanned to ascertain if a mode had been excited. Difficulty was
experienced initially in locating any of the system modes. In order to
assist in locating system resonances, a limited modal analysis test was per-
formed on the assembly in air using an instrumented hammer. Each blade was
impacted at its tip and a miniature accelerometer was used to measure the
response at a locdtion mid way between the tip and the shroud of one blade.
Both direct and cross frequency response functions were obtained for each
blade. The test results indicated a multiplicity of modes contained within
two narrow frequency bands centered on 65 Hz and 290 Hz (See Fig. 12). The
first family modes, characterized by blade motion involving only above-shroud
bending, were found to be contained in a band between 60-69 Hz. By careful
examinat ion of the frequency response plots, certain frequencies were identi-
fied at which, response peaks were noted on a number of blades. These
frequencies were 61.3, 62.2, 63.4, 64.7, 65.5, 66.1, and 67.4 Hz. Various
excitation patterns were subsequently used to induce modal responses at or
near these frequencies. Although resonant conditions were obtained, the
nodal patterns around the rotor were generally of a complex nature containing

a mixture of several harmonics. Blades displaying peak response in the
vicinity of 60.4 and 68.2 Hz tended to respond as though uncoupled.

The response with many peaks in the 60-69 Hz bandwidth were further
examined by performing "blade alone" tests. In these tests, all blades but
the one being tested were effectively decoupled by means of wedges of plasti-
cene placed between them. The test blade was then excited using its crystal
and its resonant frequency in the first bending (lB) mode was determined.
The resulting frequencies for all the blades compared with the frequency of
the highest peak on the direct frequency response plot for each blade is

shown in Table 1.
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TABLE 1

BLADE ALONE FIRST BENDING MODE -

FREQUENCIES FOR COUPLED & UNCOUPLED CONDITIONS

RESPONSE FREQUENCY, Hz RESPONSE FREQUENCY, Uz

BLADE B E
Coupled IU/C Blade Alone Coupled U/C Blade Alone

1 67.73 67.88 21 65.81 65.24

2 60.72 61.33 22 60.72 62.26

3 62.67 63.15 23 62.67 62.52 •

4 64.87 64.28 24 65.81 65.53

5 66.57 66.34 25 63.76 65.04

6 62.85 63.68 26 66.77 66.68

7 65.62 65.82 27 66.77 66.81

8 61.95 62.27 28 59.68 60.00

9 65.62 64.96 29 67.73 67.05

10 64.50 64.88 30 64.69 65.42

11 66.77 66.37 31 66.96 66.69

12 62.67 13.60 32 66.77 67.10

13 66.77 66.03 33 64.69 65.28

14 64.69 64.73 34 63.95 65.05

15 66.96 66.07 35 63.95 64.02

16 63.76 64.59 36 62.67. 62.87

17 65.62 64.91 37 65.81 65.12 lo

18 67.73 67.44 38 66.96 67.59

19 65.62 65.41 39 65.62 68.88

20 62.67 63.20 40 62.67 62.90

Average 64.90
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The second family of modes, characterized by blade motions in bending
* and torsion could be excited in one, two, three and four nodal diameter
* patterns and were found to display dual nodal characteristics with frequen-

cies as shown in Table 2.

These preliminary tests indicated that the wide spread (13%) in the
individual blade first bending frequencies could be the main contributing

* factor to the inability to obtain regular and veil ordered modes on the
* rotor. The subsequent phase of activity focused on developing methods to

tune the individual blades. The only practical method of tuning these blades
was by the modification of the tip mass using holes drilled spanwise into the
blade tips. Mass could be increased by inserting lead plugs into the holes.
(See Fig. 13). Successive levels of tuning were attempted as described below
to bring the assembly as close to a tuned system as is practical for a
shrouded fan.

After same preliminary investigation into suitable methods of tuning,
the blades were tuned individually to a frequency of 60 Hz, which was the

* lowest individual blade frequency measured previously. The method involved
damping out all blades but the one being tuned by inserting a large piece of
plasticene between adjacent blades and exciting the free blade at 60 Hz.
Plasticene was added to the tip of the blade until the maximum response was
obtained. The average mass added to each blade was 15.71 gins. With tuning
completed, frequency response functions, both direct and cross terms, were

* obtained for six sample blades. The bandwidth of the first family responses
was found to have been reduced from 8 Hz to approximately 3 Hz (58.3 to 61.3
Hz). In this tuned condition, five first family modes with recognizable
nodal diameter patterns were excited and for three of these, dual modes were
also obtained. The results are shown in Table 3 and a typical circumnferen-
tial mode shape plot for the two nodal diameter pattern is shown in Figure 14.
There is same doubt about the validity of the S and 6ND modes since their
frequencies are lower than that of the 4ND mode.

A preliminary investigation into the effectiveness of deliberate mistun-
ing by adding tip masses to split specific modes was performed. The masses
were, added symmetrically at the antinodes of one of the dual modes. The
results for the 2ND mode using twelve blade inistuning (average mass per blade

* added was 16.6 gins.) are also shown in Table 3. Eight blade mistuning
(average mass 9.08 gins) was attempted on the 4ND mode but no dual mode could

* be found with this configuration.

The second family of modes was excited and frequencies noted for the
tuned assembly. The results are given in Table 2 and compared with as-built

* condition results. No major change in characteristics occurred with tuning
except that the IND mode split was reduced.
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TABLE 2

SV.CONI! I'AI LY MODAl, FREQUENCIES AND DUAL MODE SEPARATION

No. of As-Built Condition Experimentally Tuned Condition

Nodal Frequency Split Frequency Split

Diameters Hz % Hz %

1 73.67 68.541.6 0.4
72.49 68.26

0 123.4 * 119.0 **

2 189.9 0.4 186.0 0.5

189.2 185.0

3 266.7 260.8 0.

265.1 
259.6

4 280.4 273
279.4 0.4

5 280.9

* Nodal circle not located.

** Nodal circle at 66% above-shroud-span
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TABLE 3

FIRST FAMILY MODAL FREQUENCIES AND DUAL MODE SEPARATION

FOR THE EXPERIMENTALLY TUNED AND INTENTIONALLY MISTUNED CONDITIONS

No. of Tuned Condition Twelve Blade Mistuning Eight Blade Mistuning

Nodal Frequency Split Frequency Split Frequency

Diameters Hz % Hz % Hz

2 59.57 59.57-

59.37 56.50

3 60.71

4 61.27 61.22

61.15

5 60.81
61.12 0.5 .

6 60.57
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The results from this study indicated that tip mass tuning was effective
* and "regular" first family dual modes could be excited. On this basis,

A preparations were made to permanently tune the assembly. A test was per-
formed to measure the rate of change of blade resonant frequency with added
tip mass. This quantity was found to be 0.26 Hz/gm in the frequency range of
interest. Based on this and on the number and size of the holes which could
be drilled in the blades, a target frequency of 63 Hz was chosen. A drilling
rig was specially designed and fabricated to facilitate the drilling opera-
tion. The two blades with frequencies of less than 62 Hz were modified by
having up to eight holes drilled resulting in frequencies of 62.6 Hz (from
60.0 Hz) and 63.45 Hz; (from 61.50 Hz). The blade having the highest
frequency (67.88 Hz) had 6 holes drilled and filled with lead resulting in a
blade frequency of 63.78 Hz. It was thus shown that the chosen method was
effective and feasible for use in tuning the whole assembly.

A second level of tuning process was attempted and it was determined
that the blade frequencies could be reduced to between 62.5 Hz and 66 Hz
without having to add excessive amounts of tip mass affecting blade structure

IL or assembly balance. Furthermore, 50 percent of the blades would have fre-
quencies in the 63 to 64 Hz; range. This 2nd level blade tuning was performed
requiring the drilling of 94 holes, 1.2 inches long and .161 inch in diameter
in the tips of the blades, and the insertion of 77 lead pellets and set
screws. The resulting individual blade frequency distribution was as
follows:

62 - 63 Hz; 3 blades
63 - 64 Hz; 20 blades
64 - 65 Hz 12 blades

65 - 66 Hz 5 blades

These frequencies were obtained by loading down the blades, except the test
blade, with lead weights near the tips and below the shroud. The individual
blade was then excited using its crystal and the peak amplitude frequency was
recorded.

Using a 4ND standing wave forcing function, a 4ND mode and a possible

K twin were located after much difficulty at 65.17 Hiz and 65.76 Hz. The mode
shapes are given in Figure 15. Modes with 5 and 6 nodal diameters could also
be excited using the appropriate forcing function. However, the waveforms of
the mode shapes found were not very uniform and an investigation was per-
formed into the possibility of shaping the modes by adding small amounts of

* mass to the tips of selected blades. It was found that the amplitude and
* phase of individual blades could be altered to some extent in this manner

without altering the basic mode shape or frequency.
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Because of the difficulty of obtaining clearly defined vibration modes,
the resonant behavior of the assembly was investigated over the entire fre-
quency range of the first family. A single blade was excited at a constant
level and the amplitude and phase of that blade was measured at intervals of
approximately 0.04 Hz. This technique was applied to blades #16 and #39 and
the results were plotted in polar form as shown in Figs. 16 and 17. The
following conclusions were drawn:

1. No resonances in this family were detected outside the range 61.5 Hz
to 66 Hz.

2. Within that range, there are many resonances which are so close in
frequency that the responses overlap and it is difficult to discrim-
inate one from another, even with the help of the polar plot.

3. About 14 to 18 resonances can be deduced (with some difficulty
because of the overlap) from each test sequence.

4. The 4ND patterns noted above correspond to resonances in the high
frequency end of the range.

Thus, it would appear that the 4ND modes which can be excited using standing
or travelling waves may not represent pure modes of the system.

In a further attempt to improve the first family mode shapes, a third
level of tuning the fan assembly was performed. The objectives were to re-
duce the largest individual blade frequencies to less than 65 Hz and to in-
crease the lowest frequencies to greater than 62.5 Hz. Eleven more holes had
to be drilled into the tips of the blades and lead pellets inserted. Tests
were performed to measure the individual blade frequencies in the first bend-
ing (IB) and first torsion (OT) modes in air. These frequencies were
obtained by loading down the blades, except the test blade, with lead weights
near the tips and below the shroud. The individual blade was then excited

*using its crystal and the peak amplitude frequency was recorded. The loss
factor in each mode, for each blade, was also measured by obtaining decay
response curves resulting from sudden cut-off of the excitation stimulus.
Table 4 lists the measured frequencies and loss factors for each blade. The
resulting individual blade frequency distributions shown as histograms in
Figs. 18 and 19 are as follows:
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TABLE 4

RESONANT- FREQUENCIES ANI) LOSS FACTORS FOR INDIVIDUAL BLADES IN "INITIALLY
TUNED)" CONDITION (UNCOUPLED CONFIGURATION)

BLADE lB MODE IT NODE
NUMBER FREQUENCY, Hz LOSS FACTOR FREQUENCY, Hz LOSS FACTOR

*1 64.70 0.0087 316.3 0.0170
2 63.44 0.0076 319.2 0.0164
3 63.15 0.0079 311.2 0.0261
4 62.60 0.0103 314.5 0.0212
5 63.14 0.0084 310.7 0.0147
6 63.79 0.0083 309.4 0.0131
7 63.91 0.0078 311.8 0.0168
8 62.81 0.0073 304.4 0.0166
9 63.02 0.0065 309.4 0.0135
10 63.57 0.0077 315.6 0.0310
11 64.36 0.0076 309.8 0.0103
12 63.69 0.0073 308.5 0.0237
13 64.00 0.0062 322.8 0.0284

IL14 64.11 0.0082 305.5 0.0171
15 63.97 0.0075 314.1 0.0133

*16 64.19 0.0068 311.1 0.0200 -

17 63.64 0.0060 315.7 0.0273

*18 63.98 0.0058 306.1 0.0252
19 63.22 0.0059 307.4 0.0122
20 63.21 0.0072 No Data No Data

21 63.15 0.0071 305.9 0.0266
22 62.91 0.0100 302.5 0.0193
23 62.87 0.0060 302.8 0.0142
24 63.24 0.0065 314.5 0.0290
25 63.14 0.0056 308.4 0.0100
26 64.77 0.0061 317.9 0.0118

*27 64.75 0.0055 313.8 0.0161
28 62.81 0.0069 296.9 0.0224

29 64.83 0.0069 316.3 0.0244
30 63.38 0.0067 312.8 0.0195
31 64.80 0.0070 314.6 0.0233
32 64.30 0.0066 316.5 0.0309

33 63.35 0.0066 309.9 0.0215
34 63.12 0.0065 312.0 0.0127

35 64.30 0.0073 306.0 0.0141
36 63.00 0.0074 305.0 0.0150
37 63.69 0.0081 306.6 0.0260

*38 64.30 0.0077 311.2 0.0098

39 63.87 0.0086 316.3 0.0257
40 63.09 0.0073 307.6 0.0150
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First Bending Mode (Hz) First Torsion Mode (Hz)

62.6 - 63 4 blades 296.9 - 300 1 blade

63 - 64 24 blades 300 - 304 2 blades

64 -64.8 12 blades 304 -308 9 blades

308 -316 20 blades

316 - 322.8 7 blades

The measured loss factors ranged from .005 to .010 for the lB mode and from
0.01 to .03 for the IT mode.

The second family of modes was investigated with the assembly in air at
zero speed. 2ND and 3ND mode pairs were excited using a single blade excita-
tion and the nodal lines mapped out using a roving accelerometer. Typical
results are shown in Figs. 20 and 21. The 4ND mode proved to be difficult to
locate using single blade excitation because of the close proximity of higher
modes. However, two 4ND modes were excited using a traveling wave input.

A mistuning study was conducted in an attempt to split the 2ND twin
modes using the available holes drilled in the blade tips. It was determined
that by adding 25 g to blade #28 and 5.5 g to blade #8, the originally coin-
cident twin modes could be split by 1.1 Hz (188.7 and 187.5 Hz). Further
separation is possible (of the same order) by removing lead pellets from four
antinodal blades.

Although the objectives of narrowing the frequency range were met, the
characterization of the first family modes proved to be difficult, as before,
indicating that the small degree of mistuning still present along with any
nonuniformities at the shroud interfaces were sufficient to cause overlapping
of the desired mode. Further tuning was deemed impractical and the current
configuration of the assembly was accepted as the assembly representing the
"initial tuned fan" that will serve to measure the dynamic characteristics in
vacuum as well as under aerodynamically excited conditions.
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IX. MECHANICAL CHARACTERIZATION OF THE R-80 FAN' ASSEMBLY

1. Initially Tuned Condition

With the assemblv in the "tuned" configuration, a series of tests were
performed to measure its dynamic characteristics in the first two families of
modes. Table 5 lists in detail the tests performed with the associated run
numbers and test conditions. The principal goals were to identify the extent
and influence of asymmetry that characterized the assembly in its "tuned" S
condition; in particular (a) the generally irregular responses in the first
family (b its split modes in the second family, and (c) modal damping. Over
70 test runs were conducted in which the system response of each blade was
recorded as the input frequency varied in discrete increments over the
resonance being investigated. All data from these tests were digitized and
recorded on magnetic tape.

2. Discussion of Results

At zero speed, the assembly was subjected to forward and backward
traveling wave excitations in a four nodal diameter pattern (Run #76). The
excitation frequencies were varied in steps of approximately 0.1 Hz in the
range of 66.5 Hz to 62 Hz to observe the assembly response in the first
family modes. The maximum strain measured at each frequency is plotted in
Figs. 22 and 23, along with the blade number at which the maximum was -

observed. The general response characteristics are not different for the two
waves, although blade 16 appears to be most responsive to the forward wave
excitation. Blade 27 is responsive, experiencing essentially the same strain
for excitations from each wave. The generally similar characteristics in
response tend to confirm the usual assumption that the direction of the forc-
ing, wave has little or no influence on a mechanically coupled system (unlike
an aerodynamically coupled system). It is likely that a shroudless fan
assembly would exhibit a more exact similarity in responses to forward and
backward traveling forcing functions.

Response of blade #27 is plotted in polar form (amplitude and phase)
over the frequency range of 62.1 Hz to 66.6 Hz and is shown in Figure 24.
The many loops that are evident in the polar plots are indicative of the
participation of blade #27 in many modes of the system present in this range.
Polar plots of other blades show similar multi-loop characteristics.

The number of peaks occurring in the response diagrams (Figs. 22 and 23)
is also indicative of the proximity of diametral modes of the assembly in
this frequency range. In the small range of 2 Hz, i.e. between 64 and 66 Hz,
blade #Cs 6, 39, 27, 20 and 16, reach peak strains at different frequencies-
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the latter depending upon the frequency of the blade in question in the
coupled system. The response of the system is a sum of cont ribut ions from
all the modes in the vicinity and, therefore, a Fourier analysis of the
strain pattern at an instant of time shows the strength of the contributing
harmonics. Figuire 2S shows an example of such a response where blade #27

strain is peaking. Note that this response is shown in the polar plot forA
blade #27 in Fig. 24 at 65.6 Hz. The largest backward wave component also
occurs at this frequency.

Although the response in this family has been found to be irregular,
when the assembly was excited by a four nodal diameter travelling wave using
the crystal excitation, two stationary modes in a four nodal diameter pattern
were evidenced in the spatial harmonic plots at frequencies of 65.18 and
65.47 Hz. This feature is shown in Figs. 26 and 27. The angle between the
antinodes of the modes was found to be 17.4% This is close to the 22.5*
angle required for regular 4ND dual modes. Each of these modes, however,
show a large response of a single blade at nearly six times the amplitude of
the fundamental. This characteristic causes an increase in the harmonic
contents as indicated on the plots.

In order to excite the assembly at a speed that would correspond to an
integral order speed, several tests were performed over a speed range. It
was noted, on the basis of earlier testing, that the level of mistuning that
was still present in the shrouded assembly in its "tuned" state would not
permit a clear identification of an integral order speed. However, it was
also known that all system modes in the first family occurred within a narrow
band of frequencies. Measurement of this band of frequencies over selected
speeds led to the calculation of a mean frequency (fm at each speed. The

"~integral order" speed corresponding to the 4E speed was identified by noting 7
the intersection of fm with the 4E line and was found to be 1163 rpm.

Both forward and backward traveling wave excitations were applied to the
rotor at 1163 rpm. The frequency of vibration was varied in the range of
78.7 Hz to 75.2 Hz. The response diagram shown in Fig. 28 for 1163 rpm with
backward traveling wave excitation has a peak occurring at 77.6 Hz which
corresponds to the integral order frequency chosen as explained above. The
response diagram appears to be somewhat more regular within the narrow range
of 76.5 Hz and 78.5 Hz, although there are still about 6 different peaks. It
is likely that the increase in shroud tightness may have bad the effect of
bringing about more uniformity to the shroud boundary conditions.

Four nodal stationary waves were also evidenced at this speed in the A.
harmonic plots for the assembly response at frequencies 77.35 to 77.82 Hz.
Again the responses were characterized by an additional large single blade
response. Two modes are indicated, one where blade #8 has a maximum response
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-and the other where blade #27 has a maximum. Figures 29 and 30 show the two
* types of modes at 77.48 and 77.61 Hz having the largest stationary wave con-

tent . These do not appear to be regular twin modes. The largest backward
*travelling wave component occurs at 77.05 Hz. This response is shovn in
* Fig. 31.

*In exploring the second family of modes of the assembly over the range
of speeds, the data were examined to identify twin modes. The reduced data,
that display stick plots of the mode shape around the rotor and the strength

-. of the contributing harmonics, should generally be adequate for this purpose.
However, a close examination of the data from the R-80 fan raised some inter-
esting questions in regard to the criteria for identification of twin modes.
These questions are relevant for systems where the asymmetry has no regular
pattern. Sample stickplots given in Figs. 32, 33 and 34 show the response of
the rotor at three successive frequencies. For a two nodal diameter standing
wave forcing function, the responses over a frequency range do indeed have a
corresponding predominant harmonic. Upon closer examination of these

figures, it is noted that the stick plots show essentially the same response

patterns with slightly varying amounts of traveling waves present. The
* location of maximum strain and the amplitude of the standing wave vary.

Selection of the data point closest to the twin mode sought must be based on
- consideration of (a) the degree of regularity, i.e. percentage of traveling
* wave component, Wb the amplification of the response (is it at a peak?) and

(c) the degree of orthogonality between the twin modes.

The selection of the point at which the percentage of traveling wave
content is a minimum generally does not seem to result in responses with peak
amplitudes or orthogonal modes. Maximum strain in a blade can be misleading
because in a mistuned system the location of the maximum response changes

* from one blade to another across the resonance of the assembly or an indivi-
* dual blade response may be many times greater than the fundamental response

amplitude. The amplitude of the standing wave, along with some or all of the
- above considerations, appears to serve as a useful criterion. Applying this

criterion to the responses shown in Figs. 32, 33 and 34, results in the
response at 189.08 Hz as the desired twin mode. On this basis, the data

* points closest to the frequencies of the regular twin modes of the system
* were selected for all the other test conditions. The mode shapes at zero

speed in evacuated conditions, thus selected, are given in Figs. 33 and 35
* through 39.

Polar plots of the modulus and phase (relative to the input signal) of
-. the response of individual blades were made for all test conditions in order

to obtain better estimates of the resonant frequencies between the data
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points and to obtain estimates of miodal damping. From the harmonic analysis,
the pos it ions (or ient at ions f riwn hi IAde slo dt # 1) of the st anding waves repre-
senting the twini mo~des were determined anti the amount of traveling wave as a
percentage of the standing wave in the modal response were evaluated. The
modal frequencies, locations, traveling wave percentages, loss factors and
blade locations of maximum response are given in Table 6. It should be noted
that the modal characteristics given in Table 6 for the two and three nodal
diameter modes were obtained using stationary wave excitation where each twin
was selectively (in excitation pattern and frequency) excited. In the case
of the four nodal diameter mode, the results were obtained using a forward
traveling wave. This technique seemed much simpler than the stationary wave
method in that the excitation pattern and its orientation did not have to be
determined before the test. However, for a mistuned system, the resonant
frequencies of the twin modes excited by a traveling wave do not correspond
exactly to those obtained using stationary wave excitation. This phenomenon
will be discussed in some detail in the section pertaining to the mistuned
assembly. In order to obtain results which can subsequently be compared with
corresponding data from the aerodynamic rig, the twin resonant frequencies

* and the loss factors were determined using the criterion discussed above and
* are shown in Table 6.

The results obtained by exciting a single blade (blade #28) and record-
ing its peak response in the first bending and first torsion mode are also
shown in Table 6. Many of the values for resonant frequency and damping are

* approximate (frequency ±0.5 Hz, damping ±50%) because of the closeness of
other system modes obscuring the required resonances in the polar plots.L
Comparing the results with those from "blade alone" tests, the change in the
frequencies for the blade is negligible but the damping levels are about 50%
lower in the bending mode and an order of magnitude lower for the torsion
mode. With reference to Table 6, the damping measured for the system modes
is low and of the same order as the damping in the IT mode referred to above.
Contributions from material damping being identical in each of these tests
(at essentially same strain levels), the higher damping in the lB mode for
the case of single blade excitation must mean more rubbing action as a result

* of restraining adjacent blades. The system modes contain contributions from
* both bending and torsion and the rubbing action at the interfaces appears to

be much less. This observation regarding the rubbing action variation and
the presence of system modes suggest caution in drawing conclusions in regard
to damping from single blade excitation tests on a shrouded assembly.

Other important observations from Table 6 include Wi measurable changes
in damping obtained under 760 Torr and 22 Torr, (ii) the generally low values
of damping measured in the speed range and (iii), the closely spaced 2, 3,
and 4ND twin modes.
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TABI. b. SUMMARY OF MODAL CHARACTERISTICS FOR INITIALLY TUNED SYSTEM IN RIG A

MoN IDAI 4 AAT"I- I SlT IIs

TLS1 CONDITIoNS - RPM/1'RESSURI (T(RR)

0i t.t 1 0! 760 0/22 570/22 1050/22 1200/22

- FTequvcy (It.) 188.4 189.0 189.9 193.5 194.3

Position (V
°

) 22.3 21.8 -53.2 -50.1 -51.9
3 Tray comp (%) 1.3 6.0 5.1 67.1 21.6

Damping (,) 0.0079 0.0053 0.0042 0.0055 0.0041

Blade N 23 23 6 6 6

Frequency (Hz) 187.7 188.6 189.5 193.0 194.3

" . Position (E
0
) -24.4 -22.9 -16.1 -0.95 -0.6

i Tray comp (%) 3.1 5.7 19.5 12.6 3.3
Damping (n) 0.0079 0.0048 0.0044 0.0052 ?
Blade 02 28 29 29 1 21

Frequency (Hz) 265.9 265.5 266.1 268.9
€ Position (.o) 9.2 8.0 7.3 6.6

I Iray comp (G, 3.7 23.2 75.5 67.5

Damping (, 0.003 0.0019 ? 0.0026

B I~ -1oW 2 2 28 23

I 01r.que,' .ll) 265.3 265.0 265.6 267.8

r 'o t ion I ) -20.3 -23.4 -23.3 -20.6 1
I:' "r.,v , n t, 7 . 7.6, 51.3 .

lhampl ngF ( 0.00 1 0.0030 0.0023 0.0026

h Iad. 6 31 24 6

trequ.ncy (Hz) 279.2 280.3 281.7 282.5 284.1

I Position (, o) -19.2 -18.0 -16.9 -16.8 -14.6
3 Tray comp (1) 11. 8.7 2.1 2.4 11.9

Damping (n) ? ? 0.001 0.0(2 0.002

Blade N2 28 28 28 28 28

M
I,,-

Frequency (Hz) 277.8 278.6 280.3 281.3 282.5

o Position (to) -35.2 10.0 -32.9 -35.1 -3,.,

Tray comp (2) 6.8 2.1 2.1 6.0 33.

Damping (n) 0.003 0.003 0.004 0.002 0.002

2Blade 2 28 28 28 28

62.7

Frequencv (Hz) (62.8) 62.7 66.3 74.4 76.6*

=: 0.0035
Damping (,) (0.0069) 0.003 0.0038 0.003 0.0052*

Frequency (Hz) (297 297 303 30;

L Damping ('3 0.0013 0.0013 0.001 0.005
(0.0224)

NuTli: Values in parenthesis are from "blade alone" tests - for comparison.

* @ 1163 RPM;.
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3. Mistuned Assembly

The results of testing the initially "tuned" assembly indicated that the

mode of vibrat ion that could be excited with considerable clarity belonged to

the second family in a two dimensional paLtern. The closely spaced split

modes (less than 1 Hz) for this pattern could be excited individually in the .-.
"tuned" assembly. Therefore, one of the goals of mistuning this fan was to

change the frequencies of some of the blades in such a way that would enhance

the split in this mode. With this objective in mind and with the additional

restriction that no additional holes could be drilled in the blade tips, the

tip masses of nine blades were modified. The position of these blades, the

change in mass on each blade, and the resulting "blade alone" 1B and IT

frequencies obtained by test, are given in Table 7. The resulting distribu-

tion of "blade alone" frequencies for the assembly of 40 blades for the lB
and IT modes are shown as histograms in Figs. 40 and 41.

Preliminary testing of the assembly in air indicated that the 2, 3 and

4ND modes could be excited in what appeared to be their twin modes as shown

be low.

MODE FREQUENCY Hz % SPLIT

2 ND 188.3 1.0

190.1 --

3 ND 265.1 0.2

265.6

4 ND 278.4 1.3

281.9

With the assembly in this deliberately mistuned condition a series of

tests was performed to measure its modified dynamic characteristics in the

first two families of modes. Table 8 shows the Test Matrix listing in detail

all the tests performed with the associated run numbers and test conditions.

The principal goals were to identify the extent and influence of the mistun-

ing on the system in relation to a) the first family response, b) the split

modes in the second family, and c) modal damping. Fifty-five test runs were
made in which frequency response measurements were recorded. The procedures
followed were essentially the same as those employed for the tuned system.

All data from these tests were digitized and recorded on magnetic tape.
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TABLE 7. TIP MASS CHANGE AND RESULTING "BLADE ALONE"
MODAL FREQUENCIES FOR MODIFIED BLADES

IN MISTUNED ASSEMBLY.

BLADE # POSITION * MASS CHANCE FREQUENCY Hz

Deg gins 1B Mode IT Mode

4 27 -7.49 %66 312.3

8 63 +6.14 61.52 300.5

13 108 -10.32 67.99 328.4

14 117 -3.49 66.09 313.8 -

24 207 -10.23 66.60 310.9

28 216 +26.57 56.22 294.6

32 279 -10.72 67.70 314.9

33 288 -10.00 66.86 313.9

34 297 -10.22 66.63 315.5

* Orientation from blade slot #1 in direction of increasing blade number.

73



20

16-

u,
o12-

IL
0

z

4-

0
56 57 58 59 60 61 62 63 64 65 66 67 68

BLADE FREQUENCY, Hz

Figure 40 Histogram of "Blade Alone"# First Bending Mode
Frequencies After Mistuning

83-8-36-4

74 -



16

12-

U,

0

z
4- N

292 296 300 304 308 312 316 320 324 328

BLADE FREQUENCY. Hz

Figure 41 Histogram of "Blade Alone" First Torsion Mode

Frequencies After Mistuning

83-8-36-5

75



clic
r- CN c'J

0 -r -l 3

ClCl C) .4
-4

C4 -

0

F44

(N CNC
00

t-4 PO CLI-C

u4 u

0r
'-f-4

-14 .4 _o IE

(m-T C-c
Cj1 4 --- 000

u 0 IM C--44

Ln c

CY4 0c w w

44 P1 0
P4-4 r 00 l

0 0 z Ln-
-4 r- 0 l n

w'4 u-4M4Z 4Im
z 0 20 V 0 Z)

cccc 0-
Cr X01 14 - . 4 c

Le Z Z4 C, 4 0 E- -
000

a, z C,

H zc zzP LIP P
I~0 0V)V44 -4 Cw

P -4 -4 w ~ w E

a, [-4 F-4 PC I
H~~ cc A4Cl

U) ANJ W- >-. 1,-4 Ln
(N4---4 -4 > f4 Z w

- 1 fiU

1 ~ ~ ~ c 0 F~ LO ww -- >0CZc

>-W4-
-44 -4

7- IM C -C F4 k- V)

>4 - w LLL J

I 0a v co) [- C ) n P)1

0 9 - '- F, 0

0 U V)
H7



4. Discussion of Results

At zero speed, the assembly was subjected to four nodal diameter back-
ward traveling wave excitation (see Table 8 - Run 112). The excitation
frequency was varied ':n steps of about 0.1 Hz from 71.4 to 55.4 Hz to observe
the assembly response in the first famiily of modes. The maximum strain
measured at each frequency is shown plotted in Fig. 42 along with the blade
number at which the maximum was observed. Blade *28, which has the lowest lB
mode frequency, reaches a peak at that frequency (- 56 Hz). Blade #13, which
has the highest lB mode frequency reaches a peak at that frequency (- 68 Hz).
Between 64.5 Hz and 67.2 H%, different blades reach peak amplitudes, the

highest level being attained by blade #18 at a frequency of 65.58 Hz. The
corresponding system mode at this frequency is shown in Fig. 43 and contains
a somewhat predominant 4ND backward traveling wave response and many other
harmonics. It is interesting to note from Fig. 42 that blade #18 experiences
another (smaller) maximum strain at its own "blade alone" frequency (- 64
Hz). These two resonances are ineicated on the polar plot of response for
blade #18 shown in Fig. 44. The output plots (stick plots) were examined at-
each frequency for indications of four nodal diameter standing wave reson-
ances. One such resonance was found at a frequency of 65.25 Hz. The mode
shape and spatial harmonic content are given in Figure 45. As can be seen,
it is certainly not regular and its characteristics are dominated by the
large amplitudes experienced by blades #27 and #31. The maximum 4ND backward
traveling wave component occurred at 65.58 Hz with blade #18 resonant as can
be seen in Fig. 43.

The assembly was similarly excited at 1163 rpm i.e., the 4E integral

order speed that was used for the tuned system. This speed was considered to
be applicable in this case also since the speed still corresponds to the
fourth order of the central frequency in the assembly peak response frequency
band (excluding blade #28).

The response diagram shown in Fig. 46 for 1163 rpm indicates that blades
#28 and #13 behave in an uncoupled manner as they did at zero speed. Their

peak response frequencies were increased to 69.7 Hz and 79.8 Hz because of
centrifugal loading. However, there are not as many peaks in the response
compared with those at zero speed and the blade with the highest strain was-
blade #26 (at 77.5 Hz) rather than blade #18 previously noted. It is likely
that some of these changes are due to unknown changes occurring at shroud
interfaces and also to the discrete step variation in excitation.

The largest four nodal diameter stationary wave response occurred at
77.7 Hz. The mode shape was, as expected, irregular and dominated by large
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resNponse' of a few blades, namelIy, blade's #18, 20, 27, and 31. The maximum
4Nfl backward t ravel ing wave~ component occurred at 77.5 Hz.

The data obtained from stationary wave excitation tests were examined to
identify twin modes in the second family of system modes. The data points7
closest to the frequencies of the apparent twin modes of the system were
selected for all test conditions using the criteria discussed earlier for the
tuned assembly. The mode shapes thus selected at zero speed and in evacuated
conditions are given in Figs. 47 through 52. Polar plots of the response
(not shown) of individual blades were used to obtain better estimates of the
resonant frequencies between the data points and to obtain estimates of modal
damping. These frequencies are given in Table 9 together with mode posi-
tions, percentages of traveling wave, loss factors, and the serial number of
the blade experiencing maximum strain.

Examination of Table 9 indicates that only the 2ND modes have the cor-
rect spatial phasing between them. This is due, in part, to the dominance of
individual blade responses in the higher order system modes.

The results obtained by exciting a single blade, namely blade #28, in
its first bending and first torsion modes are also given in Table 9. These
frequencies and corresponding estimates of damping were obtained from polar
plots of response. Because of the wide separation between the "blade alone"
frequency of blade #28 and those of all the others, the response of blade #28
may be considered as practically "blade alone" or uncoupled especially in the
bending mode. This was confirmed in the stickplots of system response
obtained from these tests, two samples of which taken at 1200 rpm are shown
in Figs. 53 and 54. However, the damping values obtained from single blade
excitation tests are considerably smaller than those from the "blade alone"
tests.

The response of the mistuned fan to a traveling wave excitation is now
examined. Stickplots and their associated spatial harmonic analyses are
shown in Figs. 55 and 56 for two data points (at frequencies 187.70 and
188.68 Hz) from Run #81. Both of these are responses to a two nodal diameter
forward traveling wave excitation at zero speed. The response at 187.7 Hz is
essentially a standing wave with only 8.3% traveling wave content. In less
than I Hz, the characteristic changes to one with 42.6% traveling wave.

An understanding of the behavior of a bladed disk assembly subjected to
an n nodal diameter forcing function is enhanced by studying the strengths of
the contributing harmonics An and A-n* The sum An + A~n can be considered as
a "system total" response because it represents the total amplitude exper-
ienced, on the whole, by a blade at some instant of time as the An and n
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I.7

TABLE 9

SUMMARY OF MODAL CHARACTERISTICS FOR MISTUNED SYSTEM IN RIG A

MODAL CHARACTERISTICS

TEST CONDITIONS - RPM/PRESSURE (Torr)

EXCITATION 0/ 760 0/22 560/22 1050/22 1200/22

Frequency (Hz) 189.2 190.1 190.6 194.3 195.4
x Position (0 0) 21.2 22.4 24.2 25.2 64.8

Tray comp (%) 0.5 0.4 16.1 33.0 36.0

Damping (n, 0.0063 0.0039 0.0052 0.0050 0.0051
* Blade HE  23 24 23 24 24

Frequency (Hz) 187.6 188.4 188.7 192.3 193.5
z Position (6o) 65.9 65.5 67.4 69.8 -18.7

Tray comp (1) 0.3 1.0 13.8 28.7 37.6

Damping (n) 0.0064 0.0059 0.0053 0.0052 0.0052

Blade Np- 29 29 29 18 29

Frequency (Hz) 265.0 265.6 268.5

Position (fo) -34.9 -13.0 51.0

Tray comp (%) 12.5 2.4 5.7

Damping () ? 0.002 0.0022

. Blade N
2  

24 35 28
z

Frequency (Hz) 264.9 265.4 267.8

Position (Co) 11.8 -30.9 -46.0

jTrav comp (2) 15.2 38.2 36.3

Damping (n) 0.0030 0.004 0.0015

Blade N
2  

2 11 2

Frequency (Hz) 282.5 285.3

Position (to) 28.7 26.6

j Tray comp (1) 23.1 22.1

Damping (') 0.0021 0.0025

Blade N 30 2

Frequency (Hz) 278.6 284.3

z Position (e") 12.7 -1.0

Tray comp (1) 3.2 46.0

Damping (n) 0.0022 0.0025

Blade N
2  

28 22

Frequency (Hz) 55.9 55.9 59.5 67.4 70.5

(56.2)

- Damping () 0.0045 0.0046 - 0.0059 0.0051

0.0118)

Frequency (Hz) 277.8 278.4 278.8 277.5 279.4
-4 (294.6)

Damping (n) 0.0018 0.0023 0.0043 0.0029

(0.0398)
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waves proceed in opposite directions. However, this sum will not represent
responses of a "rogue" blade which may experience a much larger strain than-
indicated by the strain distribution with an n nodal diameter pattern.

A2 + A-2 is plotted in Fig. 57 as a function of the frequency from the
response of the fan to a two nodal diameter forward traveling wave. For the
mistuned system, this response pattern has two peaks because of the twin
modes occurring at two different frequencies, Thus, the contribution to the
"1system total" response will have unequal contributions from each of the

twins reaching peaks at frequencies corresponding to the degenerate frequen-
cies. Therefore, for the tuned system, the response A2 + A-2 must have a
single peak as is evident from Fig. 57.

This variation in the strengths of contributing harmonics A2 and A38
(or A-2) with input frequency is shown in Fig. 57. The harmonics can be seen
to have two peaks each. The two peaks for each of the components A2 and A.2
are explainable for the mistuned system if the fundamental characteristic of
a mistuned assembly is kept in mind, i.e., that it can exhibit two standing
wave vibration modes of slightly differing frequencies but with similar pat-P
terns. Since each standing wave mode can be looked upon as a combination of
two traveling waves, it then becomes clear that there are two frequencies at
which each wave can reach its peak. For a perfectly tuned system subjected
to a forward traveling wave, the response would be a forward traveling wave,
the amplitude of which is controlled entirely by damping at the resonant
frequency. With the assumptions of no aerodynamic damping and no uncer-

tainties such as nonuniform rubbing, the mechanical system responds identi-
cally to forward and backward travelling waves. Therefore, for a perfectly
tuned system, the harmonic A2 would peak at one frequency and the other
harmonic A38 would be zero if the imposed excitation was a forward traveling
wave and vice versa if the imposed excitation was a backward traveling wave.
A useful parameter, therefore, for comparing the responses of different
mistuned systems is A-n/A~ the ratio of the strengths of the contributing

harmonics i.e., A..n traveling in the opposite direction to that of the input
and An the harmonic traveling in the same direction. This ratio will be
referred to below as the response wave ratio. In the case of a tuned system,
the value of this ratio will be zero. For a system with twin modes, a plot
of the variation of this parameter with frequency will show a single peak
whose amplitude and bandwidth is observed to be inversely proportional to the
frequency separation of the twin modes.

95P



V)OL[VEI 3AVM

loto

Vw

p 2l- 00 64

CO 0 '- 0

Tw.

04

-- 0) Ui

.0 co I*4

CS ww 01.

w

LL E 4 W o

% *w4 4 4.)
oo cn0

0 0 *Ca0

L.L. - I x
0. 0 :0

-j ).i 0..i z 02

> 00

in " in
~~~ 3Olfl0 NIU

96m



The single peak at 188.6 Hz with a peak level of 1.87, indicates that
for frequencies between 187.9 and 189.2 Hz the strength of the backward
traveling component is greater than that of the forward traveling component.
The frequencies at which A3 ,/A 2 reaches unity represent standing wave
responses.

The same parameter calculated from the corresponding run (Run 11) for
the "initially tuned" system is also shown in Fig. 57. Since this system is
still mistuned, but to a lesser degree, its characteristic is similar, with a
single peak in the plot of A3,/A2 . For reference, the estimated frequencies
of the twin modes for each system are included in Fig. 57. They occur at
frequencies which are higher than either of the corresponding peaks in the-
contributing harmonics.

The results for the case with a backward traveling wave excitation (Run
82) were plotted and the same peak frequencies were obtained but with the
contribut ing harmonics interchanged.

The maximum values of the response wave ratio were determined for all
tests for which traveling wave excitation was used. Results obtained from
the initially tuned and mistuned system were analyzed. These values,
obtained directly from the data point results with no interpolation between
the points, are tabulated in Table 10. Examination of Table 10 indicates
that more uniform values of the wave ratio were obtained for the "tuned"
assembly, possibly because of the irregularity (single blade response, etc.)
of the higher modes in the mistuned assembly. In general, it was found that

the wider spaced twin modes resulted in the highest values for the response
wave ratio.

Loss factors were determined from polar plots of individual blade
responses for 2ND and 4ND traveling wave excitation, and are given in Table
11 together with their associated frequencies. Comparing the values with
those obtained from standing wave excitation (See Table 9) indicates that in
general there is close agreement.
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TABLE 10. MAXIMUM VALUES OF RESPONSE WAVE RATIO AND CORRESPONDING

FREQUENCIES FOR ALL TEST CONDITIONS FOR TUNED AND MISTUNED

ASSEMBLY EXCITED WITH TRAVELING WAVES.

EXCITATION SPEED/PRESSURE "TUNED" ASSEMBLY" MISTUNED ASSEMBLY

ND DIRECTION RPM/Torr FREQUENCY WAVE* FREQUENCY WAVE*

Hz RATIO Hz RATIO

2 FWD 0/760 187.7 0.43 188.5 1.49

2 BWD 0/760 188.3 1.52

2 FWD 0/22 188.0 0.40 188.7 1.85

2 BWD 0/22 188.7 1.50

2 FWD 570(560)/22 189.0 0.35 189.5 1.61

2 BWD 570(560)/22 189.7 1.58

2 FWD 1050/22 191.6 0.38 192.3 1.77

2 BWD 1050/22 191.8 0.40 193.5 1.51

2 FWD 1200/22 193.1 0.46 193.4 1.60

2 BWD 1200/22 194.6 1.59

3 FWD 0/760 265.0 0.55

3 FWD 0/22 265.3 0.49 264.8 0.64

3 BWD 0/22 264.5 0.33

3 FWD 570(560)/22 265.3 0.59 265.3 0.68

3 BWD 570(560)/22 265.3 0.68

3 FWD 1050/22 266.7 0.19

3 FWD 1200/22 268.5 0.29 268.2 1.04

3 BWD 1200/22 268.9 1.16

4 FWD 0/760 278.6 1.80

4 FWD 0/22 279.4 1.91 278.6 1.24

4 BWD 0/22

4 FWD 570(560)/22 280.8 1.82 281.1 0.31

4 BWD 570(560)/22 280.8 2.88

4 FWD 1050/22 282.1 1.86

4 FWD 1200/22 283.3 2.65 283.8 0.56

4 BWD 1200/22 283.8 1.29

Lote: Wave rntio is the ratio of contributing harmonics
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TABLE 11. LOSS FACTORS AND FREQUENCIES OF MAXIMUM INDIVIDUAL BLADE
RESPONSE FOR THE MISTUNED SYSTEM WITH 2ND AND 4ND TRAVELING
WAVE EXCITATION. 0

EXCITATION SPEED/PRESSURE RESPONSE LOSS FACTOR

_ __FREQUENCY .0
ND DIRECTION RPM/Torr Hz

2 FWD 0/22 189.4 0.0042

187.7 0.0053 "
4

2 BWD 0/22 189.0 0.0042

187.7 0.0053

2 FWD 1200/22 194.9 0.0052

193.2 0.0052 .0

2 BWD 1200/22 195.2 0.0051

192.7 0.0057

4 FWD 0/22 280.8 0.0028

277.5 0.0018

4 FWD 1200/22 285.3 0.0035

4 BWD 1200/22 285.4 0.0035

284.6 0.0035

-
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X. MEASUREMENT OF MOTION AT SHROUD INTERFACES

This section describes the results from the phase of the program that
was aimed at measurement of steady as well as vibratory motions at ten
successive shroud interfaces of the R-80 fan. This project followed a
successful development of an instrumentation system which was used to measure
shroud motions on a single fan in which the shroud was allowed to rub on a
"frigid" interface. The results from that pilot project established that
extremely small motions (as small as 50 x 10-6 in.) could be measured. The
motion sensor configuration consisted of a gallium arsenide photo-emitting
diode and silicon position sensing detector pair mounted side by side on a
shroud. A signal processing electronic circuitry was developed to provide
the x, y positions of a motion from each detector. The measurement range
target was ± 40 mils with better than I mil resolution in the frequency range
of dc to 2 kHz. In the current experiment, ten such units were designed and
fabricated. The objective was to obtain, in vacuum, measurements of motion
at successive shroud interfaces of the R-80 fan at several rotor speeds up to
1200 rpm.

1. System Design and Fabrication

As stated above the motion sensor configuration used in this study
consisted of a gallium arsenide photo emitting diode (Texas Instruments Type
TIL24) and silicon position sensing detector CUDT Type PIN-SC/4D) pair
mounted side by side in small aluminum block housings. The installation is
shown in Fig. 58. The detectors were located in separate recessed holes
machined into a mounting block/housing and held in position with quick drying
epoxy. The light emitting diodes were each mounted in a 0.25 inch diameter5
disk of copper clad circuit board and were then epoxied into recessed holes
machined in the diode housing. Great care was taken to maintain the
alignment of the diode/detector pairs to give a dc offset of not greater than
10 mils in each axis. This offset was later nulled using the adjusters on
the pre-amplifiers. The design of the housing, is shown in Fig. 59. Ten5
such sensor assemblies were fabricated.

The details of the signal processing circuitry are shown in Fig. 60.
The position reference is provided by an infrared light emitting diode
(TIL24) requiring approximately 10 mA of current to produce 1 am of optical
output power. The centroid of the emitted light beam is sensed by the IJDT
two-axes position sensing photo-detector. Each axis of the detector has two
outputs which are amplified to provide adequate signal level. The amplified
detector outputs were transferred to the signal conditioning circuits via
slip rings. Fifteen slip rings were needed for the complete system. The
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voltage difference between the outputs of each axis provides the X and Y
position information. Since the detector outputs are directly proportional
to both the position and intensity of the incident light beam, the intensity
component must be removed to eliminate errors due to emitter degradation,
current fluctuations and the gradual accumulation of dust and grease between
the emitter and detector. The intensity component is removed by dividing
each axis output signal by the sum of the detector outputs. The divider
outputs give purely positional information with optical power fluctuations of
up to 20 to 1. The sum and difference amplifiers used to perform the above
functions were those built during the feasibility study and were located in a
remote control console. A remote channel select switch enabled the four
response components from any one of the ten sensor assemblies to be output
from the control console via a switching circuit mounted on the hub.

The sensor assemblies were connected by means of flat ribbon cables to

their pre-amplifiers which were mounted in two tiers on the hub. Separate
* gain and offset adjustment stages for each detector were incorporated into

the preamplifiers. Hub mounted voltage regulators supplied dc power to the
* light emitting diodes, the pre-amplifiers and switching circuitry.

2. System Calibration

Static calibration of the 40 diode/detector pairs was performed with the
diode and detector attached to an optical mount fitted with two micrometer
screw gages allowing relative motion between the two components in two
orthogonal axes. The output voltages were read on a digital voltmeter. A
gap of 12 wmm was maintained between the diode and detector housing during
calibration. The output sensitivity was determined for displacements input

* along each of the two sensor axes (X and Y). The results are given in Table
12 and show that the sensitivities varied from 117 to 124 millivolts per mil

* (0.001 in.) between any two sensors axes. The standard deviation of the
values about a mean value of 121.6 was 1.76. The maximum linear travel is

shown to be at least ± 15 mils with most sensors capable of ± 20 mils.

For reduction of dynamic data, a nominal value of 122 mV/mil was used
for the sensitivity of each sensor. It will be shown later that during

* testing at high speeds, the static relative displacement of the shrouds some-
* times exceeded the linear range of a particular sensor and hence a post test
* calibration was performed. The main purpose of this was to determine the

effective sensitivities of the sensors over the range of static deflection. -

This will be discussed in the Test Results Section.

The fully instrumented assembly is shown in Fig. 61. The location of*
the sensors at the interfaces is shown in Fig. 62.
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TABLE 12

SUMMARY OF MEASUREMENT SYSTEM PRE-TEST

STATIC CALIBRATION RESULTS

O/P CHANNEL LOCATION - SENSITIVITY LINEAR RANGE
No/AXIS BLADE NOS. mV/mul mils

Sensor #1 Sensor v2 Sensor #1( Sensor #2

O/X 122 123 * 20 ± 2025-26
O/Y 122 124 15 15

1/X 122 122 20 20
1/Y 124 121 15 20

2/X 120 122 20 20
27-28

2/Y 124 124 20 20

3/X 122 122 15 20
3/Y 26-27 122 123 20 20

4/X 29/30 119 121 20 20
4/Y 120 120 20 20

5/X 117 120 20 15
5/Y 28/29 123 124 15 20

6/X 120 120 15 20
6/7 122 124 20 20

7/X 119 121 20 15

7/Y 123 123 15 15

8/X 32-33 119 122 20 15

8/Y 118 120 20 15

9/X 123 122 20 20

9/Y 121 123 20 20

AVERAGE SENSITIVITY " 121.6 mV/mil
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MOTION4 SENSOR UNIT

Figure 61 Fully Instrumented R-80 Fan Assembly
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3. Data Acquisition and Reduction

Table 13 lists the several test conditions used in the program. Initial
testing of the fully instrumented R-80 bladed disk assembly showed that the
recording of results using an oscilloscope was completely impractical con-

* sidering (a) the volume of data in terms of number of channels and number of
data points to be output; (b the need to compare strain distributions at
test points corresponding to those recorded during previous mistuned assembly
tests. Also, with the emphasis on second family responses, a method of data
reduction was required to extract the extremely small shroud motion signals
from the recorded signals. The 26 channel transient data system (ATLAS)
which was used in the earlier R-80 spin tests was therefore brought on-line

* and used for recording the steady state strain and shroud motion data. The
data recorded at each test point consisted of a pulse corresponding to the -

zero crossing of the positive going excitation input drive signal, four ac
coupled shroud motion signals, seven strain response signals (odd numbered
blades), four dc coupled shroud motion signals and the once-per-rev pulse. A
second record at the same frequency enabled the strains from the other set of
blades (even numbered) and the shroud motion data from all the blades, ten
records were required at the same input frequency. A digital record con-
sisted of 1024 samples from each analog signal taken at a rate of 10K samples
per second for first family data and 20K samples per second for the second
family. The dynamic response data were filtered using the built-in 2 kHz low
pass filters.

The data reduction and analysis plan is shown in Table 14. A number of
FORTRAN code programs were written for running on the UNIVAC 1100 computer to
read the digital data on magnetic tape and perform the various reductions

* shown in Table 14. The first stage in the reduction process was to perform a
* Fourier Analysis of each signal and determine coefficients up to the 12th

harmonic (0-12). The static deflections of the shrouds were obtained from
the output at this stage. The second step was to detemine the modulus and
phase of each strain response for the first harmonic component and present
the spatial distributions in the form of stickplots and in a format similar
to that used in the reduction of data from the previous mistuned assembly
tests. These results were compared in order to confirm that the desired test
points had been recorded. The third step was to plot the shroud motion time

* history of a sensor assembly over one period of the input signal at any blade
location reconstituted from one or more of the Fourier coefficients. Another
form of the time history output used was the X-Y plot of displacements at
each sensor (two plots per shroud interface). The orientation of the axes is
as shown in Fig. 63. These plots show the actual motion of the shroud7

interface. Finally, the modulus and phase were calculated for each shroud
displacement component at each frequency and the spatial distribution

108



Ix

w -L

zz
13 en n I

cl --

cc 04-

oz w --

91 C4 0z I4 .

W >

040

of

10



.-. Id W-.'

to 0 10
x 4

03 C: fl

.4J U. I

NW 600 0 0 >

go -4 to4 -4.4 @

N 0 0 cl3~.. AW C: 4) c

>.0 .. C, W0 0.0

I.-4 V 4 . i..4 .,4 -4

1-1 --' 
ID -1 -

FA j I
u4 A3 .3.' .3 000 *'

a~ w5..

z ~ J5 ___ __cc

r- .,
0 E _4 6

cc 0 a Aj to 0
4) x ccX M .
$W cc -

cc
-4 ~ ~ - A .@ 

_____

4.j-

0 C 6

to) 0 ) 4
-4 n. 6. @30 .

a* 0 s

CU 0 a

La >3
- 4 cc

-V @0w x3 .

@3 01 to- 0 @ '

.. 4 0 0. ) J4

O 3 @. 4.i4. '0" 601, I

V 41 0.@ j44J

c. U~f 0 t

(d-4 u -. E I.
'31-~ 0. --

54o 0 -.4

.,.d 00 000 L6

-4 CN -4CM

110



Z >

LUU
ca)

z x
0 mJ

U) LU

000

0

Q C:

co

I-
LUw o (to

U)

Cc)

0 ,o

Jx

co U)

w Z

82-9-56-20



- . ., . . . o

presented in stickplot form. It was found, however, that this type of pre-

sentation was not as useful in interpreting the response as had first been

hoped because of the complex distribution of interblade phase angles. A

better means of displaying the response data was in the form of plots of

modulus and phase for each blade around the quadrant.

It should be noted that the motions recorded are not the same as those

on the shroud rubbing surface. Figure 62 shows that the sensors are located

0.31 in. below the shroud centerline and 0.5 in. apart. Assuming no distor-

tion of the shrouds and/or sensor housings, the linear and angular deflec-,

tions on the shroud can be expressed in terms of the measured deflections as

follows:

Y1 - Y2

0.5 + XI-X2

Xl = Xl - 0.31 sin 6

X2 = X2 - 0.31 sin -

Y1 = Yl - 0.31 (1 - cos 0s )

Y2 = Y2 - 0.31 (1 - cos 6 )

Where Xl, Yl, X2, Y2 are the components of displacement (inch units) at
the shroud centerline.

Xl, Y1, X2, Y2 are the measured deflections

converted to inch units,

0 is the relative angular displacement of the

shrouds in radians.

In the results presented below, only displacements on the shroud rubbing

surface are shown, except where specifically noted.

4. Testing

Prior to spinning the assembly, blade alone tests were performed in air

at zero speed on selected blades to determine what effect the motion sensors

and associated wiring installation had on the first blade bending and first

blade torsion modal characteristics. The blades having the highest and low-

est modal frequencies and two having intermediate frequencies were selected

- for -nvestigation. All blades but the one being excited were detuned by
placing heavy masses at their tips. The results, as shown in Table 15,
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TABLE 15

COMPARISON OF INDIVIDUAL BLADE MODAL FREQUENCIES

AND DAMPINGS BEFORE ANT) AFTER SENSOR INSTALLATION

FIRST BENDING MODE FIRST TORSOI MODE

BLADE 4 FREQUENCY CHANGE DAMPING CHANGE FREQUENCY CIHANGE DA.IP ING CHANGE

_ _ _ _Hz _ _ _ %_ _ _ Hz _ _ _ _ _ _

28 B 56.224 0.012 294.6 0.040
+ 0.6 +42 - 0.5 -25

28 A 56.256 0.017 293.1 0.030

29 B 64.696 0.005 318.4 0.025
0.8 20 + 1.1 -8

29 A 65.185 0.006 322.1 0.023

32 B 67.696 0.005 314.9
+ 1.2 0- 0.4 ND

32 A 68.503 0.005 313.6 0.010

33 B 66.883 0.004 315.7 0.010
-0.2 .50 + 2.5 +100

33 A 66.742 0.006 322.1 0.020

B - BEFORE; A AFTER

I"
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indicated that for the first bending mode, some frequencies apparently
increased up to 1.2% with increases in damping ranging from 0 to 50%. For
the first torsion mode, some frequencies increaed up to 2.5% with variations

in damping of -25 to +100%. Because of the considerable scatter in the
results, it was concluded that factors other than the presence of sensors and
wires were the primary causes of the changes noted and that no changes in the
basic response characteristics of the assembly could be expected. The spin
test results generally confirmed this conclusion.

Testing of the fan assembly in the mistuned condition with the shroud
moiton sensors installed on ten blades was accomplished at speeds of 0, 560,
1050, 1163, and 1200 rpm in vacuum conditions of about 13 torr. Modes up to
the fourth order in the first and second families were investigated. The
input levels used were 20% for first family modes and 60% for second family
modes. The above test conditions corresponded to those used in the previous
mistuned assembly tests. In all, sixty-four test runs were made, including
runs with no input applied in order to assess the overall noise levels. A
sunmmary of the tests performed with corresponding test conditions, is given
in Table 13.

IL
* In general, only backward traveling wave input excitation was used.

However, for the second family 2ND mode, a standing wave input excitation was
attempted at 0 and 1200 rpm.

Two types of tests were performed. The first was of the frequency
response type with the shroud motion (Xl, Yl, X2, Y2) at two blade interfaces
being recorded as the input frequency was varied in discrete increments (- 8)
over the resonance (twin peaks) being investigated. In the second type of
test, the shroud motion components at all the instremented blades were
recorded with the frequency tuned to one or other of the twin resonance peaks
as indicated by the results from previous mistuned test runs.

All steady state data from the above tests were digitized and recorded
on magnetic tape.
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5. Noise Levels

The noise levels in the shroud motion measurement system were estab-
lished by sampling the output from all sensors at all test speeds with no
input applied. The data were recorded and reduced using the data reduction
programs shown in Table 14. The results indicated that for first family
responses, the maximum noise levels occurred at 1163 rpm and reached the
equivalent of ± 6 micro in. (peak) in the first harmonic, however, this may

* have contained some structural response due to the assembly being run at
I - integral order speed. In the second family responses, the maximum noise
* level in the first harmonic was about ± 3 micro in. peak. This obviously'

compromises the data for the second order response results where the maximum
response is 9 micro in. (peak) and explains some of the erratic behavior in
the plots. Because of the low signal to noise ratio existing (because of the
extremely low response levels), the analysis of harmonics higher than the
fundamental was not considered worthwhile. The ripples seen on the displace-
ment time histories shown in Figs. 23, 27, 31, 35, 39 and 45 must be consid-
ered as noise and not response.

L6. Presentation of Results

The amount of data produced by this test program is large and there are
many different ways of reducing and presenting the results. The problem
arises in choosing from many different response characteristics which mani-

I ~fested themselves. We are dealing with a complicated dynamic system and .

*small changes in input frequency change the nature of the response; backward
*to forward traveling wave for example. It was determined early in the
* testing that two of the input parameters, namely input level and speed of

rotation, were not significant in determining the nature of response. The
basic reason for this is that the system is "tight" and is essentially quite

* linear within the range of input levels available. No change in the nature
of the shroud relative displacement was noted even with the highest input

* * level applied, the motion was essentially microslip and no evidence of
stickslip was found. The effect of rotation was to increase the bearing load
on the shroud surfaces by approximately 50% to 150 lbs at 1200 rpm and to
realign them by less than 0.02 in. The effect of speed is therefore only
presented in the static displacment results given in Figs. 64 and 65 and the

* effect of applied input force level is not considered.

For each shroud interface, the linear V) T and angular (6 relative
static displacements at a point on the rubbing surface midway between the
sensors are shown plotted against the rotational speed squared in Fig. 64.
Since the sensors were not nulled at zero speed, the values shown are differ-
ences from the zero speed values.
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Figure 65 shows the above displacements plotted against blade location

for various speeds so that the spatial variation can be seen.

Six data samples are' presented for the dynamic response. They are
chosen on the basis of the nature of the blade response in terms of family,

order and wave direction. The data samples are identified in Table 16. The

nature of the response was determined indirectly as follows. During the

testing, test points were chosen on the basis of tabulated data output from

the previous mistuned tests. These reduced data showed the strain responses

at all forty blades (modulus, phase and stickplot presentations) and also the

results of a spatial harmonic analysis of the strain distribution at each

test point (frequency). When the strain data from the present results were

reduced in a similar format, the nature of the response in terms of travel-

ling wave components was assumed to be that of the previous analysis where

the strain distribution of the fourteen monitored blades most closely matched

the previous results. Figures 66 to 77 show the blade strain distributions

obtained from previous mistuned tests. It can be seen that the responses

include predominantly stationary (with respect to the disk) waves in samples,

1, 3 and 6, and backward traveling waves in samples 2, 4 and 5.

The dynamic response data are presented as a set of four figures for

each data sample as described below:

1. Modulus and phase of the' X-axis components of shroud displacement of

each shroud interface plotted against blade number or location

(Figs. 78, 82, 86, 90, 94, 98).

2. Modulus and phase of the Y-axis components plotted against blade

number (Figs. 79, 83, 87, 91, 95, 99).

3. The time history reconstituted from all twelve harmonics for the

shroud interface having the largest displacement (Figs. 80, 84, 88,

92, 96, 100).

4. An X-Y time history plot of the fundamental response for the same

interface (Figs. 81, 85, 89, 93, 97, 101).

In Figures 78, 82 and 86, the modulus and phase information for the X-

axis components of displacements as measured at the sensors is superimposed

on the shrolid motion plots to show the effect of the transformation from

sensor to shroud rubbing surface.

For comparison and correlation studies, the modulus and phase informa-

tion for measured blade strains and the vectorial difference of strains

between adjacent blades (,-,+I) - tN) is also superimposed on the

modulus and phase plots of shroud motion. The plotted values are connected

by straight lines in order to assist in identifying the spatial distribution

trends.
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TABLE 16

DATA SAMPLE IDENTIFICATION

DATA

SAMPLE RUN NO. FAMILY ORDER SPEED NATURE OF RESPONSE

1 156 FIRST 4E 0 STATIONARY WAVE 2

2 181 FIRST 4E 11631 BKW'D TRAV. WAVE

3 184 SECOND 2E 1200 STATIONARY WAVE

40
4 196 SECOND 2E 1200 BKWD TRAV. WAVE

5 187 SECOND 3E 1200 BKWD TRAy. WAVE

6 191 SECOND 4E 1200 STATIONARY WAVE

NOTES: 1. INTEGRAL ORDER SPEED

2. RELATIVE TO DISK
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In the time history plots, it should be noted that the input frequency
is given in Hertz and the fundamental period is given in milliseconds.

On the X-Y plots, the time zero and the quarter period points are
located to indicate direction of motion.

7. Discussion of Results

The principal results from measurements of static relative displacement
under centrifugal loading are presented in Figs. 64 and 65. The shroud

* displacement along the X and Y directions are shown in Fig. 64 as a function
of square of the speed. A comparison between X and Y displacements indicates
a somewhat predo 'minant Y motion. The implication is that the nature of
deformation is one of bending with some torsion in it. The displacement

* along X, which is indicative of torsion, varies linearly with S12 whereas the
bending motion has a more complicated relationship with speed. The total
relative displacement includes both bending and torsional deformation. 1

Averaged relative displacement at shroud interfaces vary from blade to
blade and this variation is attributed to blade to blade differences in mass.
The differences in blade mass result in varying normal loads and therefore
the friction forces at the interfaces will vary. Further, as the steady
state data was obtained subsequent to vibratory tests, and as the extent of

rubbing action at interfaces depend on the location of the interface, the--
* coefficient of friction would most likely be different at different

interfaces. All these factors could contribute to the considerable changes
in measured steady displacements around the rotor.

Figures 66 through 77 represent the blade strain distributions of the
six dynamic data samples and the corresponding strain data from previous
mistuned tests. The latter were recorded in an earlier phase of the test
program before the rotor was instrumented with shroud motion measurement
devices. The strain data shown in Figs. 67, 69, 71, 73, 75 and 77 were used
as guidelines to define the frequencies at which shroud motion data was to be
taken. For example, strain data from Fig. 69 specifies the nature of the
spatial response to be expected. Again, a comparison of Figs. 68 and 69
clearly show that the spatial distribution of motion has been duplicated
between the two phases of experimentation. It must be noted that the strain
data from shroud motion experimental phase were taken for only 14 blades
because of available channel limitations. Thus, the similarity beween the

*stickplots from the two phases implies that the contributing harmonics to the
* total motion are also similar.
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Further, these data represent responses to an imposed backward travel-
ling wave excitation. These data samples were chosen to obtain shroud motion
corresponding to the assembly response containing both stationary and travel-
ling wave vibration.

In Figs. 78 and 79, modulus and phase of shroud motions, strain gage
response and differences in strains of adjacent blades are plotted as a func-
tion of blade number, at a frequency (65.28 Hz) that corresponds to the first
family 4ND backward traveling wave. Figure 80 represents the time history of
shroud motion at the forcing frequency and the vectorial motion is repre-
sented in Fig. 81. Figures 78, 79, 80 and 81 form a set with similar sets to
follow in this discussion. An examination of these figures leads to the
following observations.

In the first set, the results indicate that the strain distribution
among the blades in the instrumented quadrant shows two principal, unequal
peaks that correspond to the imposed harmonic. However, there appears to be
an additional higher harmonic contribution to the total response, as
evidenced by the blades #32 and 33 vibrating out of phase with each other.
The peak amplitudes of shroud motion occur at interfaces located between two
blades exhibiting the largest differences in strain between them.

As expected, X1 and X2 are essentially equal. Y1 and Y2 are out of
phase indicating a vibratory motion pivoting about a point on the shroud
interface. The pivoting point varies from blade to blade. This implies that
the vibratory motion is principally of a bending type, the maximum bending
strain occurring at a cross-section close to the shroud. The spatial varia-
tion in the phase angle implies contributions to the response from both
standing and traveling waves. Shroud motion data appears to correlate both
in amplitude and phase with corresponding quantities for strain difference
(ASG).

Figures 82, 83, 84 and 85 present data similar to Figs. 78, 79, 80 and
81 but at 1163 rpm. A distinct feature of this set of data is that the phase
angle variation of the strains show the strong presence of a 4ND travelling
wave, in addition to several other spatial harmonics. This is also evident
from Fig. 69.

It should be noted from Fig. 82 that the X measurements obtained from
the sensors (prior to making corrections to the depth of the interface)
correlate with the modulus and phase of the difference in strains. The same
applies for Y1 measurements in Fig. 83.

Figures 86 through 101 present data reduced from records obtained from
the R-80 fan vibrating in modes that corresond to the second family at 2, 3,
and 4 nodal diameter patterns. The strain levels that could be imposed onto
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the blades at these frequencies were an order of magnitude less (about 20 PC)

than that which could be imposed (about 200 iw) during experiments involving
vibrations in the first family. This may in part be due to higher levels of

* damping in the second family modes.

An examination of Figs. 86 and 87 and a comparison with Figs. 70, 71
confirm that the nature of vibration is essentially a stationary wave with
the nodal line in the vicinity of blade #30. The spatial phase angle distri-
bution (one half of the set of blades within the quadrant in and the rest out
of phase) is a clear indication of the stationary vibration characteristics.
Yl and Y2 are essentially in phase with each other indicating a type of
vibration which has node lines along the chord, one below the shroud and one

*above; a feature typical of the second family. Figures 90, 91, 92 and 93
represent data reduced from identical test conditions as those leading to
Figs. 86, 87, 88 and 89 except for the slight change in the driving frequency
(191.7 Hz instead of 193.9 Hz). Even such a small change has led to a major

* change in the response content, i.e., the presence of a backward traveling
wave component. A reference to Fig. 91 indicates that maximum motion occurs
both when the absolute strain is maximum CYl and Y2 nearly in phase) as well
as as when the strain difference between blades reaches a maximum CYl and Y2
nearly out of phase).

A careful examination of the reduced data confirm the sensitivity of
response characteristics to the conditions at the shroud in a realistic fan
model.
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XI. TWIN MODE ANALYSIS OF MISTUNED SYSTEMS

The most basic modes of a flexible, fan assembly are standing wave
vibratory patterns. For an ideal, perfectly symmetric component, the circum- -

ferential patterns do not have a bias and therefore the orientation of a mode0

is arbitrary. However, if there is slight asymmetry, each mode splits into

two modes or twins occurring at slightly differing frequencies. These twin
modes are identical in all respects except that they are orthogonal to each

other in space. They represent the degenerate modes of the system and can be

used to develop a simple theoretical model from which forced vibration

characteristics of a mistuned system can be predicted. This section

discusses the development and application of a theoretical model to the R-80

fan vibration data obtained with traveling wave excitations using the piezo-

electric crystal excitation system.

de
The application of the analysis to an assembly of blades is based on the

assumption that the component exhibits measurable split modes, i.e., the

frequencies and damping in each twin are available. The shapes are assumed

to be simple sines and cosines. Clearly, the response of the assembly to a
forcing function over a limited frequency range can then be considered as the

sum oif contributions from each of the twins. Such an approach is based on an

additional important assumption, i.e., that the other modes of the system

(and therefore their twins) are sufficiently far away and do not contribute

to the response.

The assumptions which form the basis of the analysis of slightly mis-

tuned systems may now be summarized:

1. The structure exhibits measurable, independent twin mode pair at

slightly different frequencies.

2. The mode shapes of each twin is a simple cosine or sine wave.

For systems where the coupling among the blades is insignificant or the mis-

tuning is sufficiently large, the definition of twin modes will be severly

lacking. The analysis d:-scussed here will therefore not be applicable. The

details of the analysis are summarized below. The twin modes of vibration

can be described by

49
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I A cos (no -) e'~

Y B cos (nG - eIwt

where n represents the harmonic number, 0 represents the position of a blade

on the assembly, i provides the reference blade and w is the frequency of

excitation.

For a single force F acting on the system, the generalized forces

corresponding to each twin are

FI  F cos (nO - I) ei Wt

i(iiF II =F cos no- - ei~ ...

l -1 2 )  ": 
-

FXl ~ (O 2mI~L (l~ J n ii

Response in mode alone due to F, alone = 2 2 - 1Tr )
F I  I M (1-r1

2 )2 + nl 2-

Similarly,

x2 2 (l-r1  17i2Response in mode 2 alone due to Fl, alone -FIIW 2 m 2 - 2v n2
F11  (l-r 2  ) 2 (

where r, = w/l, r2 = /2mlw m2 are generalized masses, n1 , n2 are loss
factors. Thus, the total response is a sum of the above contributions. The

same analysis can be used to obtain the response to a traveling wave, if we

recognize that a traveling wave can be represented in terms of two properly

phased (in space and time) standing waves.
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F1 and FII are spatially phased by - . A temporal phase also is
necessary because a mere addition of F, and FII will not yield a

traveling wave.

i.e. F+ F1  F eiWt .cos (no - ')+ sin (no - (F~ v)

However, if FIl is in temporal phase with FI i.e. FII is written as ± iF 1 l,

then

± iFl= F eiWt {cos (no- ') + isin (no-

= F e i t Le C -( )n (vii)

= F ei(wt - i (no - F)) which is a traveling wave.

Therefore, the stationary waves whose combination produces a traveling

forcing function are

Ait

F1  = F eiWt cos (nO- ')

(viii)

FII=- i F e it t cos (no- -

2|
Since the responses were derived above for standing waves, the response to
traveling waves can be obtained by replacing F,, in Eq. (iv) by FII in

Eq. (viii).

The application of this analysis to the R-80 tan was restricted to tests

in Rig A and to the second family of modes both in the initially "tuned" and

the mistuned conditions. The steps in the application of the analysis are:

16
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1. The modal properties of each of the twins are specified, i.e. the
frequencies and damping of each mode.

2. The generalized force in each mode is calculated.

3. The response in each mode to the generalized force in each mode is

calculated.

4. For a specified blade (i.e., specified 0) on the assembly the

responses in each mode at the forcing frequency are calculated and

added vectorially to obtain the total response of the blade.

In order to illustrate the application of the twin mode analysis two

runs from the R-80 tests have been chosen. They are runs #11 and 81 at zero

speed in which the fan was subjected to a 2ND forward traveling wave excita-
tion. For the nominally tuned assembly, the ratio of the lower frequency of

the twin (C1 ) to the other frequency was measured to be .9976. The corres-
ponding ratio for the mistuned assembly was .9911. The differences in

measured damping in each of the twins were such that a loss factor of .005

was used in the calculation for both modes.

Figures 102 through 104 display the polar plots for the nominally tuned

assembly and Figs. 105 through 107 display similar plots for the mistuned

assembly. In each plot a comparison with corresponding theoretical predic-
tion is shown and in general, the agreement is good to excellent. A

perfectly tuned system would show a single circular loop and have displayed

identical characteristics for all the blades except for an increment in

phase. Some blades in the nominally tuned system (w/w2= .9976) display the

influence of the twins as is evident from the loci. The corresponding

figures for the mistuned system (w1 /W2
= .9911) show the contributions from

the two modes with very distinct twin loops in the polar plots. -"
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to a Forward Traveling Wave Excitation; Comparison of
Theory With Test

83-8-36-"

165



THEORY

4

2

ccr0

0

-2

-4
-4 -2 0 2 4

RUN 81 IN PHASL

Figure 105 Polar Plots of Response of Blade #29 (Mistuned Assembly)

to a Forward Travelinig Wave Excitation; Comparison of
Theory With Test

3-8-36-47

166



0

THEORY

0

4

2

TEST

0

4

-4 -2 0 2 4

RUN 81 IN PHASE

Figure 106 Polar Plots of Response of Blade #30 (Mistuned Assembly)

to a Forward Traveling Wave Excitation; Comparison of

Theory With Test

8"--36-45



100

-100 0

2

2 [ST O

Ilye

a:
:D
F-

<

0

-2

.4 I I I I I I I I I .I I I I I I I I I

-4 -2 0 2 4

RUN 81 IN PHASE

Figure 107 Polar Plots of Response of Blade 36 (Mistuned Assembly)

to a Forward Traveling Wave Excitation; Comparison of

Theory W..th Test

63-8-36-43

168



, . .. ,, !.. ...

XII. AEROMECHANICAL CHARACTERIZATION OF THE R-80 FAN ASSEMBLY

This phase of the program followed the tests of the mistuned assembly in

the spin rig and therefore the assembly in its mistuned condition was tested
first before being restored to its "tuned" condition.

The overall objectives of this phase of research was to measure vibra-

tory strains in the fan blade due to forced vibration induced by (a) distor-

tions in the flow field, (b) the piezoelectric crystal excitation system, and

c) exit guide vanes. A distortion screen with four lobes was designed,

fabricated and installed in the flow field so that an integral order forced

vibration corresponding to a fourth "engine order" (4E) could be induced.

Velocity defects in the flow field due to the presence of the distortion

screen were measured and correlated with blade strains. The assembly was

subjected to traveling wave forced vibration via the piezoelectric crystal ,

excitation system in 2, 3 and 4 nodal diameter patterns corresponding to the

second family of modes. Finally, the influence of the exit guide vanes in

inducing vibrations in the rotor blades was examined.

Tables 17 and 18 list the entire series of experiments conducted in this .

phase, and give the corresponding run numbers for reference. Table 19

presents the list of individual blade frequencies in the IB and IT modes

measured in Rig B for the mistuned and tuned conditions. Figure 108 presents

these frequencies in the form of a histogram.

I. Instrumentation and Calibration in Rig B

The pneumatic instrumentation in the fixed frame of reference is concen-

trated at two stations upstream of the fan stage and at one downstream sta-
tion as shown in Fig. 109. Eight equally spaced static pressure taps were e-

located circumferentially in the outer casing and hub at the upstream sta-

tions and in the outer casing at the downstream station. At station 0,

closest to the screen, detailed pressure measurements were made using a com-

bination of five pitot-static and three kiel probes placed at various radial

positions at eight equally spaced circumferential locations. These measure-

ments were used for rig calibration and also for screen documentation. At

station 1, closest to the fan, the radial distribution of pressure was

measured using a five element (with Gaussian spacing) total pressure rake.
Measurements at this station were used to determine the inflow distortion due

to the screen.
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TABLE 19 RESONANT FREQUENCIES FOR INDIVIDUAL BLADES IN UNCOUPLED
CONFIGURATION AS MEASURED IN RIG B.

BLADE I B MODE IT MODE
NUMBER DI S'IUNV1) "TUNED" MISTUNED "TUNED" "

_ _FREQUENCY-HZ FREQUENCY-HZ FREQUENCY-HZ FREQUENCY-HZ

1 64.78 321.1
2 63.53 304.7
3 63.51 305.6
4 65.88 63.3(0 322.1 311.5
5 64.09 314.9
6 04.01 311.5
7 64.52 315.9
8 62.12 63.96 306.9 304.3
9 62.92 315.2

10 64.14 303.6
11 64.88 320.1
12 65.29 311.4
13 67.76 64.55 322.2 317.7
14 65.92 64.60 316.4 314.2
15 64.64 320.5
16 65.66 315.1
17 64.27 31.4.1
18 64.88 322.2
19 63.89 316.3
20 64.83 309.8
1 63.66 313.8
'2 63.48 303.8
21 63.61 310.6
24 67.39 63.57 320.6 315.2
25 63.2.1 316.1
26 64.86 320.0
27 64.85 318.5
28 55.78 63.17 289.7 297.5
29 64.69 314.6
30 63.69 319.5
31 64.74 323.9
32 67.74 64.50 319.6 314.7
33 66.66 63.40 318.1 315.9
34 66.28 62.90 315.5 312.0
35 64.62 318.1
36 63.51 312.3
37 64.59 306.4
38 64.52 324.3
39 64.31 318.9
40 63.72 309.6

*Results shown for modified blades only
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Assessment of the static pressure rise across the stage for fan

performance and speed line determination utilized the pressure measurements
at station 2. The axial and circumferential locations of the taps and probes
are detailed in Table 20 along with instrument I/D, scanivalve number and
port number for reference.

With the R-80 fan installed in Rig B (see Fig. 110) and with clean inlet
* conditions, initial runs were made at 810 rpm to calibrate the reference

total pressure probe which was used subsequently for the control of tunnel
flow conditions. Runs were also made to check for inlet distortion; no Sig-
nificant distortion was found.

The clean inlet speedline characteristic was determined at 1050 rpm with
some checkpoints also being made at 810 rpm. Results of these measurements
in terms of fan static pressure rise coefficient LP/Qumid, and axial flow
velocity ratio Cx/U are presented in Fig. 111. The static pressure rise
was determined from outer casing wall taps at measuring stations 0 and 2,
while the dynamic pressure, and hence the axial velocity Cx, were deter-
mined from a kiel probe and casing pressure tap at measuring station 0. The
reference velocity is the rotor tangential velocity at blade midspan (22.5
inches).

Also shown in Fig. 111 are the mass averaged values from design computa-
tions. As can be seen, there is good agreement between the design and.-
measured values except near stall. 0.525 was set as the low safe limit for
axial flow coefficient. At 1200 rpm the maximum value of flow coefficient
attainable was 0.7. All tests except for vibration decay tests reported in a
subsequent section, were performed at and near a flow coefficient of 0.6.

2. Aerodynamic Distortion Screen Design

During the mechanical characterization testing phase it was shown that
in the first family of modes, only a four nodal diameter mode could be
excited. A four lobed distortion screen was therefore selected so that this
mode could be studied in an aerodynamic environment.

The objective was to design and build a screen which would produce a

spatially fixed fan inflow with its axial component varying sinusoidally in
the circumferential direction. In this way, only low order (preferably the
first family) modes would be excited.
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TABLE 20

I IIWNlI I" 1CAT ION AND ILOCATI ON OF I'TI SSUI' 1 NSI'IIMlNTAT ION

I . I I1' 1TY1 (I) MI,A!;. LOCATI I. OA'I'N SCAN I VAI. I I' I iR '

HIN) " 
() Sml (IN)

(OO PI (I 30.00 67. 1 0.? 1 2
C0012 PS 0 30.00 20.82 0. 2 1 3
Cool PS 0 30.00 338.12 0.2 1 4

C004 PS 0 30.00 292.00 0.2 1 5
C00' PS 0 30.00 247.25 0.2 1 6

COO PS 0 30.00 204.50 0.2 1 7
Cool PS 0 30.00 157.63 0.2 1 8

C008 PS 0 30.00 112.55 0.2 1 9
HO01 PS 0 15.00 38.00 0.2 1 12

H002 PS 0 15.00 353.00 0.2 1 13

H003 PS 0 15.00 308.33 0.2 1 14
H04 rS 0 15.00 363.80 0.2 1 15

11005 S 0 15.00 218.00 0.2 1 16
HOOf, PS 0 15.00 187.00 0.2 1 17

HO07 PS 0 15.00 127.00 0.2 1 18
H008 PS 15.00 82.00 0.2 1 19

PS0i(I P'S S) 0 15.70 290.78 -1.4 1 20

PS002 PI'S(S) 0 18.47 245.33 -1.4 1 21
PSOOi PTSis) 0 22.50 205.67 -1.4 1 22

PlSOO. PTS(S) 0 26.54 155.60 -1.4 1 23

PSO05 PTS(S) 0 29.30 110.68 -1.4 1 24

KOO KP 0 22.50 65.70 0.2 1 25

KO02 KP 0 22.50 20.48 0.2 1 26

K003 KP 0 22.50 336.60 0.2 1 27

PTOO] PS(T) 0 15.70 290.18 -1.4 1 28

PTO02 PS(T) 0 18.47 245.33 -1.4 1 29

PT003 PS(T) 0 22.50 205.67 -1.4 1 30

PT004 PS(T) 0 26.54 155.60 -1.4 1 31

PT005 PS(T) 0 29.30 110.68 -1.4 1 32
HIOI PS 1 15.00 45.00 10.99 1 35

H102 PS 1 15.00 0.00 10.99 1 36

H103 PS 1 15.00 315.00 10.99 1 37

H104 PS 1 15.00 270.00 10.99 1 38

H105 PS 1 15.00 224.00 10.99 1 39
HI06 PS 1 15.00 180.00 10.99 1 40

11107 PS 1 15.00 135.00 10.99 1 41
H108 PS 1 15.00 91.00 10.99 1 42

Cil PS 1 30.00 67.00 12.24 2 2

C02 PS 1 30.00 22.00 12.24 2 3

C103 PS 1 30.00 336.00 12.24 2 4

C104 PS 1 30.00 293.00 12.24 2 5
CIO, PS 1 30.00 246.00 12.24 2 6

C10f PS 1 30.00 202.00 12.24 2 7

C107 PS 1 30.00 157.00 12.24 2 8

C108 PS 1 30.00 112.00 12.24 2 9

C201 PS 2 30.00 34.00 28.09 2 10
C202 PS 2 30.00 348.00 28.09 2 11
C203 PS 2 30.00 304.00 28.09 2 12

C204 PS 2 30.00 258.00 28.09 2 13
C205 PS 2 30.00 214.00 28.09 2 14

C206 PS 2 30.00 168.00 28.09 2 15
C207 PS 2 30.00 123.00 28.09 2 16

C208 PS 2 30.00 78.00 28.09 2 17

PRI PTR 1 15.70 112.00 7.2 2 24

PR2 PTR 1 18.47 112.00 7.2 2 25

PR3 PTR 1 22.50 112.00 7.2 2 26
PR4 PTR 1 26.54 112.00 7.2 2 27

PR5 PTR 1 29.30 112.00 7.2 2 28

NOTES: (1) TYPE NOTATION KEY

PS STATIC PRESSURE TAP

KP - KILL TOTAL PRESSURE PROBE
PTS PITOT STATIC PROBE (S) STATIC, (T) TOTAL
PTR: TOTAL PRESSURE RAKE (5 PROBES)

(2) ANGLE 6 MEASURED CLOCKWIISE WHEN VIEWED LOOKING UPSTREAM.
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Figure 110 Setup for Measuring "Blade Alone" Modal
Frequencies in Rig B
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The method used to design the screen is given in Refs. 3 and 4 and
employed overlays of wire screens which cause a loss in total pressure in the
airstream passing through the screen. The overlay method of Ref. 4 allows a
variation of total pressure to be calculated using the combined resistance
coefficient of the screen. The latter is accurately predicted by summing the
individual resistance coefficients of the support, or base screen, and over-
lay screens for a given value of loss coefficient based on Reynolds number.
The design equations of Ref. 3 were programmed to allow various designs to be

easily examined.

Theoretical calculations indicated that an axial flow variation of t3
percent would produce a blade vibratory stress (at the above-shroud-maximum-
thickness location) of t5000 psi. However, this was based on the assumptions
of a low aerodynamic damping (0.00124) and the location of distortion at the
fan Station. To test the influence of these assumptions) it was decided to
build a trial screen and obtain data early in the test program. The distor-
tion chosen for this screen was a 10 percent distortion four lobed square
wave with each high resistance region extending over a range of 45*. The
trial screen was a temporary modification of the partially built test screen
and was made by wiring onto the base screen (2 x 0.035 i.e. 2 wires per inch,
0.035 inch diameter square mesh) four segments of 18 x 0.009 square mesh
screen. The results obtained from this screen at rotor speeds near the
integral (4E) order speed confirmed that a distortion of only 3 percent was
needed to produce adequate strain in the blades. However, without going to
specially made screens or varying the wire size in other ways, spray painting
for instance, a design having a reasonably smooth distortion variation using
available materials resulted in a calculated distortion of 6.4 percent. This
design is shown in Fig. 112. The figure shows the calculated variation of
resistance coefficient together with the screen mesh specifications (shown

crosshatched) required to approximate the curve with eight resistance steps
per lobe. A screen having this design was built and was found to have a
distortion of approximately 5 percent at a measuring station close to the
fan. However, the strain induced in the blades at the integral order speed
was excessive and the screen was subsequently modified by increasing the
resistance in the low resistance regions. This caused a distortion of the
sinusoidal distribution but reduced the maximum distortion to useable levels.
A photograph of the final screen used in this program is shown in Fig. 113.
A low-melting-point alloy (Cerrobend) was used to "anchor" the stainless
steel screening in the outer rim and hub. This proved to be very satisfac-

tory and convenient. Figure 114 shows the screen mounted in Rig B and the
pneumatic instrumentation at measuring station 0.
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3. Screen Evaluation and Distortion Measurement

The screen was evaluated at a rotor speed of 1056 rpm and an average
flow coefficient (Cx/U) of 0.62. The procedure used was to rotate the
screen incrementally in front of the fixed frame pneumatic instrumentation
described earlier. The pressure readings were digitized and stored on tape
in the form of pressure coefficients, i.e., (P -) 1/2pU2 , where P is theA

pressure~ reading, PTo is the pressure at a reference probe at measuring
station 0 (see Fig. 109), P is air density and U is the tangential wheel
speed at mid blade span. Subsequent data reduction was performed to obtainS
the Fourier components of the variation in average axial flow coefficient
(Cx/U) at each increment of angle around a quadrant of the screen. The
computation flow chart is given in Fig. 115. The screen is assumed to be
cyclic symmetrical and hence the results for a quadrant were applied to the.-
whole screen.

Figure 116 shows the resulting variation of axial coefficient for one
quadrant around the screen at the two measuring stations 0 and 1. 0* is at
top dead center of the rig. The strength and phase of each Fo ..vier component
at the two stations are given below.

HARMONIC CONTENT OF Cx/U VARIATION

Station 0 Station 1
Harmonic Ampitude Phase Ampitde Phase

(Lead) (Lead)

0 1.2195 1.1986
4 0.0283 38.6 0.0225 37.2
8 0.0043 67.2 0.0066 26.8

12 0.0056 53.7 0.0042 10.1

Average C x/UJ 0.610 0.599
4th Order I.
Distortion 4.64% 3.75%
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Figure 115 Computational Flow Chart to Obtain the Harmonic Content of
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The aerodynamic conditions of flow were set at the design point (i.e.

Cx/U=0.6) and the blades were surveyed to determine the extent of vibratory
strain levels experienced. The observations clearly confirmed that the

assembly responded with stress levels of over ±10,000 psi even before the

integral order speed could be reached. It was evident that the assembly

whose modal characteristics in the first family modes in vacuum were irregu-

lar, was responding quite actively under the influence of strong aerodynamic
excitations provided by the distortion screen. However, the strain levels
were unacceptably large and the risks of high frequency fatigue failures were

not minimal. Therefore, it was decided to redesign the screen in order to

reduce the level of distortion. The redesigned screen, as discussed earlier,

was found to be adequate and resulted in stress levels of around ±10,000 psi

at integral order speed. The latter was determined experimentally to be 1149

rpm.

A plot of maximum strain measured, in the mistuned assembly, in the L

region of the integral order speed is shown in Fig. 117. The different blade

numbers shown indicate that the maximum strain experienced by different

blades at different speeds reached a peak with blade #11 as the integral

order speed is reached. The stick plots shown in Figs. 118 and 119 confirm

that the general nature of the response mode is a 4 nodal diameter backward

traveling wave, although blades #28 and #11 record a much larger strain at
66.36 Hz and 77.04 Hz respectively. Thus, the response of the assembly as a

whole is essentially characterized by the backward traveling wave whose
behavior over the frequency range around the integral order is also shown in
Fig. 117 as the system "total" response. This (and similar responses to

follow) should be viewed as the response of the assembly in a "regular system
mode" and is obtained from stickplots by summing the contributions of the
fundamental harmonics (A,+A_4 ) in the present example.

From Fig. 117, it is clear that blades #11, #30, and #32 are the most

responsive blades near the integral order speed. The in-phase and out-of-
phase components of their response over a frequency range spanning the system

resonance in a four nodal diameter mode are plotted in Fig. 120. These plots
were used to obtain an "integral order resonant frequency" of 77.1 Hz with a

loss factor of 0.034.
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Similar results were obtained for the "tuned" assembly. The assembly is
somewhat "better behaved" as can be observed by examination of Figs. 121
through 123. In this case, the resonant frequency was found to be 76.6 Hz
with a loss factor of 0.026. Comparison of the response's of the tuned and
,uistunt'd assemblies shows that the blades in the mistuned assembly do not
experince~ strains large~r than those in the tuned system.

5. Nonintegral Order Vibration through
the Piezoelectric Crystals

Within the speed capability of the aerodynamic rig, the only modes that
could be induced at integral order belonged to the first family in a 4 nodal
diameter pattern. However, the piezoelectric crystal excitation system that
was used in the earlier phase of testing could be used in an attempt to
excite modes in the second family at nonintegral order speeds. The objective
was to induce traveling wave forcing functions in 2, 3 and 4 nodal diameter
patterns at frequencies corresponding to the second family of modes. The
responses from this phase of testing could then be compared with correspond-
ing results from the spin rig in order to compare modal characteristics. All

the results were obtained in a "clean inlet" configuration with the aero-
dynamic operating conditions set at design point.

Both forward and backward traveling wave forcing functions were applied
to the tuned and mistuned assembly operating at 0, 560, 1050 and 1200 rpm.
Blade strain responses to these forcing functions were recorded as before
over a range of excitation frequencies. These responses were reduced to

display the pattern of vibration around the rotor at time T and a quarter
period later in the form of stick plots. Figures 124 through 131 show such
stick plots for data points close to peak "system total response" for certain
selected test runs as shown. On these figures, the results of a harmonic
analysis of the vibratory pattern are also shown so that the strength of the
contributing harmonics can be readily seen. For example, in Fig. 128, the
response to a backward traveling forcing function acting on the assembly
rotating at 1200 rpm is a predominant backward traveling wave, 84% larger
than the stationary wave component.

Harmonic analysis of this type performed for all the test runs in this
series were used to represent the overall behavior of the assembly as shown
in Figs. 132 through 135. This overall behavior pattern presents the dynamic
characteristics of the assembly in terms of the "system total" amplitude as a
function of frequency. It may be recalled that the "system total" amplitude
is obtained by summing the components of the fundamental in the harmonic
analysis. For example A2 and A.2 are added from a stick plot that represents

the response due to an impressed 2ND forcing pattern.
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* Figure 134 Tuned and Mistuned Assembly "System Total" Response Variation with
Frequency for 3ND Backward Traveling Wave Excitation at Speed in
Rig B
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Figure 1 3- represents the behavior of the I tutd assembly at 5(00, 1050

and 1200 rpm, when the assembly is subjected to a 2ND) backward traveling wave

forcing function. The response of the mistuned System when subjected to

backward and forward traveling wave forcing functions aL 0, 560 and 1200 rpm

is shown in Fig. 133. Figures 134 and 135 show tuned and mistuned assembly
response to 31'11 and 4ND backward traveling wave forcing functions, respec-
tively. Tables 21, 22 and 23 provide a complete summary of these results for
all test conditions. In these tables, the frequency and strain amplitude of
the response at the data point closest to each peak in the "system total"
frequency response function are given. The traveling wave component magni-

tude in the assembly response at each given data point is also shown as a
percentage of the standing wave component magnitude. The loss factors were
obtained from the polar plots of response for individual blades. The ranges
of values stem from the values obtained from different blades at peak blade
responses close to that of the data point. Finally, the maximum strain in

the assembly and the blade location for the data point are listed.

6. Discussion of Results

An examination of Figs. 132 through 135 indicates that the overall

behavior of the assembly is characterized by two peaks, one of which is
higher than the other. In Fig. 132 for the tuned system 2ND response, the

lower peak occurs at a lower frequency for 560 rpm only. For 1050 and 1200
rpm, the trend is reversed. Increase in frequencies at these peaks as well
as increased response amplitudes are attributed to centrifugal effects on
stiffness as well as added tightness at shroud interfaces.

The 2ND response of the mistuned system, as shown in Fig. 133, is char-
acterized by the enhancement of the unequal peaks especially at 1200 rpm.
The trend at 1200 rpm is particularly interesting in that the peaks are not

only unequal but the higher of the two peaks (HB) occurs at the higher of
the two frequencies for a backward traveling wave excitation whereas it

occurs at the lower of the two frequencies (HF) for a forward traveling
wave excitation. The stick plots shown in Figs. 128 and 129 (Runs 516 and

521) show that close to the lower peak LF, the response is a predominately
backward traveling wave whereas at HF it is essentially a stationary wave.
At the peaks designated 11B and LB the response is a predominately back-
ward wave. Thus, these features depend not only on the speed but also on the
impressed harmonic. A partial explanation of these interesting and complex

features must lie in the nature of aeroelastic coefficients. It is known
that these coefficients are strong functions of reduced frequency and inter-
blade phase angles (magnitude and sign), among other parameters and therefore
lead to wider variation in the aerodynamic forces.

207



TABLE 21 I

SUMMARY OF PEAK RESPONSE CHARACTERISTICS FOR THE MISTUNED ASSEMBLY IN RIG B.

RESPONSE CHARACTERISTICS

SPEED
EXCITAT1O RPM 0 560 1050 1200

Frequency (Hz) 191.6 193.4 196.1 197.1
Ww Strain Li) 3.5 8.5 6.3 9.5
o TW Comp (7) 30.8 58.6 112.0 124.0
ci-

Damping (,,) .004.00 .003-.004 .O06-.007 .007
Bid#/Strain(',t) 6/4.28 4/10.o2 25/10.79 34/11.01

Frequency (Hz) 190.5 192.0 194.2 195.5
W Straii (wi) 4.8 6.7 6.7 6.1

0 W Comp (G) 18.1 43.9 22.2 55.7
M Damping (,) .004- .005 .004-.005 .004 .006
ww Bld#/Strain(uf) 18/5.414 18/8.10 28/7.55 18/7.09

Frequency (Hz) ND 193.4 196.1 197.9
w Strain (L) ND 7.9 6.3 5.8 1:
C TW Comp (l) ND 13.8 112.0 192.0
0

Damping (n) ND .008-.011 .004 .004.

Bld#/Strain(ijc) ND 2/8.85 13/7.88 2/7.56

Frequency (Hz) ND 191.6 194.3 196.1

Strain (vc) ND 7.8 4.5 6.9
T TW Comp (1) ND 1.5 42.9 4.5

a. Damping in) ND .005-.009 .01 .004
Bld#/Strain(,t) ND 39/8.57 29/10.11 9/8.18

Frequency (Hz) 265.3 265.9 ND 270.4

w Strain (t) 3.9 6.7 ND 3.0
g W mp 11.5 68.5 ND 141.0

Damping (i) .002-.004 .005 ND -.ci
Bld#/Strain(iL) 6/5.01 28/8.94 ND 28/5.11

Frequency (Hz) 26,4.9 No Peak ND 268.8

Strain (i) 4.8 ND 5.1
a TW Comp () 17.3 ND 164.0
0a. Damping (0) .002-.004 ND .008
m Bld#/Strain(cc) 28/7.14 ND 28/6.49

Frequency (Hz) 283.3 284.9 ND 283.4
Strain (if) 5.4 2.3 ND 2.3

TW Comp () 5.2 50.8 ND 7.9
oL Damping (n) .003 .008 ND .007
4 Bld#/Strain(wc) 40/6.10 28/10.93 ND 30/4.64

r4 Frequency (Hz) 280.3 282.5 ND NO PEAK-

Strain (Gc) 4.8 4.2 14D
Tw Comp (M) 2.3 12.6 ND

Damping (n) .002 .006 ND

Bldf /St, ain(u) 28/24.6 40/5.72 ND

Frequency (Hz) 55.7 ND ND ND
M Strain (C) 24.0 ND ND NiI

Damping (in) .007 ND ND NI"

Frequency (Hz) ND 279.0 ND 279.4
j- Strain (IJ) ND 4.8 ND 5.8

Damping (i) ND .004 ND .00(

ND * No Data

208

) L A



TABLE 22

SUMMARY OF PEAK RESPONSE CHARACTERISTICS FOR TUNED ASSEMBLY IN RIG B.

RESPONSE CHARACTERISTICS

EXCITATION SPEED RPM 560 1050 1200

Frequency (Hz) 192.0 194.6 195.7
Q) Strain (wc) .9 2.2 4.2

r. TW Comp (%) 5.2 249.0 542.0
0
E Damping (r) .004 ? 0.010

1 C4 Bld#/Strain(vit) 36/1.57 34/3.27 15/6.46

z Frequency (Hz) 191.0 193.4 195.0
C1 )

rn Strain (-wE) .7 2.4 4.1

o TW Comp (%) 12.3 75.8 259.0
a.
0 Damping (.) 004 .006
Q)
~ Bld#/StrainG(0i) 8/1.21 9/3.73 19/6.41 -

: Frequency (Hz) 265.3 ND 268.8
' Strain (sIc) 2.3 ND 1.0

0 TW Comp (%) 59.5 ND 146.0

z w Damping (n) 0.004 ND 0.004

w Bld#/Strain(ic) 37/2.79 ND 11/2.92

Frequency (Hz) 282.5 ND ND

C Strain (E) 2.3 ND ND
r. TW Comp(%) 20.6 ND ND t -

= Damping (n) 0.006 ND ND

W Bld#/Strain(we) 40/3.52 ND ND

ND = No Data
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TABLE 23

MAXIM11N VALUES OF RESPONSE WAVE RATIO AND CORRESPONDING FREQUENCIES

FOR ALL TEST CONDITIONS FOR TUNED AND MISTUNED ASSEMBLY. EXCITED

WITH TRAVELING WAVES IN RIG B.

Excitation Speed "Tuned" Assembly Mistuned Assembl
Frequency Wave* Frequency Wave*

ND Direction RPM Hz Ratio Hz Ratio

2 FWD 0 190.9 0.81

2 BWD) 560 190.4 1.27 191.5 0.75

2 FWD 560 192.5 2.18

2 BWD 1050 190.9 1.55 193.8 0.65

2 FWD 1050 195.7 2.47

2 BkT) 1200 193.3 0.75 193.5 0.55 L

2 FWD 1200 197.6 47.40

3 BWD 0 265.3 0.81

3 BWD 560 265.3 0.46 265.3 0.67

i BWI) 1200 266.8 0.81 261.2 0.50

B, BWD 0 281.8 4.10IL

4 BWD 560 284.9 1.38 284.3 3.84

4 BWD 1200 280.8 2.67

* Wave Ratio is the ratio of contributing harmonics
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A comparison between these dynamic chayacterist ics in vacuum (Rig A) and
in air (Rig B) was mad,, and is showi in Fig. 136. At zet, rpm, the forced

response charactetistic mnasuzed in Rig B shows frequeticies at the twin peaks
that are different from those measured in Rig A. The assembly configuration

is essentially the same but the support structural systems are obviously

different as the nonaerodynamic tests were conducted in a spin rig (Rig A)
and the aerodynamic tests were conducted in an aerodynamic rig (Rig B). In

the former, the assembly mounts in a horizontal plane whereas in the latter

the assembly is in a vertical plane with obvious differences in the support- .

ing structure. This may, in part, explain the differences in frequencies.

However, damping measured in both the rigs at zero speed (in air) remains the

same.

The feature of unequal peaks is enhanced in vacuum and demonstrates a . ,

clear antisymmetry between responses to forward and backward traveling forc-
ing waves. With an aerodynamic environment, these characteristics are influ-

enced unequally leading to responses discussed earlier with references to

Figs. 132 through 13.•
S

Figures 137A and B illustrate the Campbell diagram for the bladed disk

assembly on which the forced vibration responses under aerodynamic excita-

tions are also shown. It may be recalled that the Campbell diagram is a

representation of the in-vacuo natural vibration frequencies of an assembly
of blades over a speed range and is normally used to locate the red-line

speed such that the low integral order resonances are sufficiently far from

the safe operating range of a fan. The natural response frequencies measured

when individual blades were excited on the assembly are also shown for com-

parison. Also the results of calculations made during the design of the fan

are also indicated on the diagram.

That the response characteristics in the first family 4ND pattern were

irregular (containing contributions from nearby modes) and occurred over a

range of frequencies is clear from Fig. 137A. The lack of agreement between

the calculated 4E speed and the measured speed is indicative of the difficul-

ties reported earlier (Ref. 5) in modeling shrouded blades. •

The frequencies representing the aerodynamic response under the

influence of distortion "rides" the engine order line as has been observed in
very many engine and rig tests.

The second family resonances are somewhat better behaved and the

measured frequencies fall in a narrow band as can be expected from a mistuned

assembly.
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7. Correlat ioii Between Measuired St rain and Aerodynamic St imiiius

To correlate th, distort ion pat torn wilh the st ra in response, it appears
desirable to use an indirect method based on the Fourier series (spatial) of
the distortions and the corresponding spatial harmonic analysis of the
single-frequency Fourier analysis of the time series from strain gages. The
amplitude of the distortion/strain correlation can then be derived from the
normalization coefficients of the various harmonic analyses. The phase can
be derived from the relative orientations of the spatial patterns of the
distortion and strain. As an example, consider the data at 1150 rpm (Run

721) where the system response is a maximum for the tuned assembly.

With reference to Fig. 138, the 4ND component of the inlet distortion

provides four maxima of C x/U at .0225 above its average value of .599, at
angular positions of 37.20, 127.2, 217.20 and 307.20 from TDC in the direc-"
tion of rotation. Each blade will encounter a varying incidence angle reach-
ing a minimum at these locations. The response to this gust was measured and

is typified by the 4ND strain response, a backward-traveling wave with an
amplitude of 68) tic and time phase of 180.4* relative to blade #1 at the -

moment of the Liming pulse. This pulse is triggered when blade #24 passes

the vertical at TDC. The maximum strain therefore occurs when any given
blade is phased at 1530 - 180.4/4 or 107.90 past the vertical (also at

197.9, 287.9 ° and 17.90).

In order to compare the phase lag in this response with the unsteady
aerodynamic gust functions, the lag due to the dynamics of the blades must be
subtracted (the blades are being driven at resonance, hence lag the gust

force by a quarter cycle, 22.50). The location of maximum incidence angle
just before TDC is 7.8, or 25.70 (17.9 + 7.8) before the closest location of
maximum strain. The equivalent time lag of 102.80 (4x25.7) is reduced by
ninety degrees to 12.80; this is the phase angle between the force and
response due to aerodynamics alone.

The amplitude of the unsteady aerodynamic gust function requires knowl-

edge of the blade force to strain response relationship. This is not yet
available, but some comparisons of relative gust function amplitudes for 4ND
and 8ND responses can be made if theoretical corrections are made for ampli-
fication factors resulting from resonances.
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RFigure 19. Spatial Positions of 4ND Flow Coefficient and
Tuned Assembly Strain Response Distributions
(One Quadrant)
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The .013 of crit ical damping measured for tLhe 4N1) wode corresponds to a
theoretical displacement magnification factor of 38.5 (i.e., 1/2 C calculated

on a single-degree-of-freedom basis). The strain amplitude of 689 Oc may

therefore be reduced to 17.9 Pc (i.e., 689/38.5) which would have resulted at

a frequency far below resonance. The ratio of this strain to the distortion

of 0.0225 is 796, which is therefore proportional to the aerodynamic gust

function.

The 8ND component of Cx/U distortion was measured as .0066 with a phase

of 26.8 ° resulting in an 8ND strain pattern of 2.4 ut amplitude at 357.4 °

phase from blade #1. The 8ND component of the strain response therefore has

a maximum at 44.7 ° (357.4/8) from blade #1, or 108.3 ° (153-44.7) from the

vertical (also 18.30, 198.30, 288.30). The lobe at 18.30 therefore lags a

region of maximum resistance at 4.3 ° (26.8-22.5) by 14.00. This mode excites
blade vibrations at 153.28 Hz (19.16 x 8), probably in the second modal fam-

ily where frequencies are about 190 Hz. A phase correction of about 50 may

be applied. Therefore, the phase lag (spatial) of 14.00 is equivalent (at

the 8ND frequency) to a temporal phase of 1070 as an aerodynamic gust func-

tion phase. The damping in this mode is not known, but the magnification

factor will be about 3 regardless of the exact value of damping so that 0.713

(2.14/3) equivalent units of strain vibration in 8ND result from .0066 units

of distortion. The relative gust function amplitude is 108 (0.713/0.0066).

A similar calculation for the mistuned assembly may be made. Using the

results from Run 698 at 1156 rpm, the backward-traveling 4ND response compon- P
ent was 520 pC at 178.60 phase. The 4ND maximum strain response is now at

108.40 (153 - 178.6 ) from the vertical, and the maximum incidence angle

occurred at 7.8' before TDC. Hence the maximum strain at 18.4 ° (108.4-90)

lags the maximum incidence angle by 26.2' and the temporal (gust function)

phase lag is therefore 14.80 (4x26.2 - 90). The relative gust function amp-

litude is 786 based on 0.017 of critical damping, which is essentially the

same as for the tuned case.

To compare these phase lags with that predicted by the aerodynamic gust

response function for an isolated airfoil in translation, the reduced fre-
quency is required. The reduced frequency is given by X = wb/(U 2 +Cx2 )1 /2, .

where w is the frequency, b is the semichord at midspan, U is the tangential

velocity at midspan and C is the axial velocity. Inserting appropriate

values for the variables, the reduced frequency is found to have a value of

0.36 for the first family response. Assuming a Sears sinusoidal gust func-

tion, a lag angle of 80 can be expected (see Fig. 13.4 of Ref. 6) to compare S
with the 12.8 ° and 14.8 ° determined above.

The correlation of distortion and strain may be considered in terms of

the harmonics of their respective circumferential distributions around the

fan. The aerodynamic distortion was described earlier in terms of multiples p
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of 4ND harmonics and it was assumed to have cyclic symmetry. The magnitudes
of the three major harmonics of the distortion are shown plotted on Fig. 139

along with the resulting harmonics of the strain response for the tuned

system. For complete correlation, the strain response should be entirely in

the backward traveling ND patterns, but as can be seen, the response includes

forward traveling components (i.e., 4ND from 4ND, 8ND and 12ND excitation).

In particular, the response to the 12ND excitation is mostly a forward

traveling 4ND wave. This presumably is the principal feature of a mistuned

second family 4ND mode whose resonance is about 280 Hz but which has signifi- .0

cant 12ND content. It should be noted that although a similar response for

the first family 4ND resonance was obtained for the mistuned assembly as for

the "tuned", no significant higher order (8 and 12ND) harmonics were excited.

8. Dynamic Response Due To Blade/Vane Interaction

During this phase of testing, the influence of exit guide vanes on the

rotating blades was examined from the point of view of identifying the
excitation source called the (M-K)type (see Ref. 7). This type of excitation

can be present when flow distortions due to K vanes interact with wakes from

M blades. Such an interaction between wakes having M lobes and pressure

fields having K lobes can lead to forcing functions of (M+K) and (M-K) lobes.

One of the important requirements of blade design is that the frequency of

excitation i.e. K/Rev of the (M-K) or (M+K) lobes, not match the frequency of

a natural mode of the rotating system within the operating range. The R-80

fan assembly has 40 blades and the exit guide vane assembly has 46 blades and

therefore the objective was to determine if a 6 nodal diameter pattern vibra-

tion could result at speed under "clean" inlet flow condition in the rig

operating at design point.

The plan was to vary the speed of the fan in a region where the 6ND

modes can be expected with an excitation frequency = (46 x rpm)/60 Hz and

record strain responses from all blades. In addition, a once per rev timing . -

signal was to be recorded. Fourier analysis (with respect to time) of the

signals (fundamental @ excitation frequency) along with a corresponding
spatial analysis of blade strain around the assembly was to be used to deter-

mine amplitudes of components.

k--
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The 46 vanes were cantilevered from bosses bolted in the outer casing of
the rig (see Fig. 109). The inner hub rotated beneath them. The bosses were
designed to slide (0.75 inch, 1.9 cm) in slotted holes machined in the outer.
casing. Large washers with 0-rings outside the casing and thin spring steel
cover plates on the inside provided the sealing and smooth 'contouring
required. Flats on the outer threaded portion of the bosses enabled a
special tool to be attached for adjusting the vane angle from outside of the
rig.

The testing was performed on the tuned assembly with the rotor and
stator configured as they had been for all previous testing, i.e. vane
stagger angle (achord at root) set to 12* and the gap between vane leading

edge and rotor blade trailing edge of 0.5 inch (1.27 cm) at the blade root.I

The 6ND mode of the second family was found to occur, using crystal
excitation, between 290 and 293 Hz at zero speed. Assuming no change due to

sedefects, this corresponds to a speed range of 290 x 60 =378, and
x 6de0)= 382 rpm.)

With the flow conditions maintained at the design point, (i.e.
Cx/U=0.6), the speed was increased in increments of 2 -pm from 370 to 400
rpm and the strain responses were recorded at each speed. At each data point
the response signal from each blade was Fourier analyzed with respect to time
based on a fundamental frequency of 46 x rotational speed.

The fundamental blade response was spatially, harmonically analyzed and
the results expressed in terms of traveling wave components.

Figure 140(a) shows the variation of the "system total" 61.11 response
(which is the sum of the 6ND backward and forward components) with rotational
speed. The excitation frequency is also indicated. Figure 140(b) shows the
variation of the ratio of standing to traveling wave components of the

response with rotational speed.
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Figure 142 shows the polar plots of the responses of blades #28 and #36

as the speed is varied.

9. Discussion of Results ,

The tests established that (M-K) type excitations can occur as a result

of an aerodynamic interaction between blade wakes and pressure fields from
vanes downstream of the rotor. The measured strain amplitudes were less than =

those obtained when the assembly was subjected to an upstream distortion in

flow. The response to thy upstream flow distortion was in the first family
4ND mode whereas the response to the (M-K) type excitation was in the second

family 6ND mode. The measured strains in the second family were generally
smaller in all the tests. The reduced data clearly show that the expected
mode was excited as can be seen from the response and stick plots. p

The response at maximum amplitude (see Fig. 141) has a strong 6ND stand-

ing wave component (S/T; the ratio of standing wave to traveling wave being
2.5) oriented at 4.80 from blade slot #1. Clearly other harmonics are also

present as can be seen from Fig. 141. Blades 28 and 40 respond nearly 2 to 3
times the "system total" response and therefore the harmonic analysis shows
the additional components. A resonance circle fit was attempted on the polar

plots (see Fig. 142) with only three points leading to a calculated value of

about .006 for loss factor. This value of damping is consistent with values

calculated in earlier tests with the second family modes.

10. System Damping Variation on the Constant Speed Line •

The fan map shown in Fig. 111 clearly illustrates the well known charac-

teristic of operating fans, i.e., the tendency towards increasing AP/Qu at _

low Cx/U as the conditions approach stall. In order to examine the
influence, if any, on the vibratory characteristics of the fan, as the fan

approaches the stall boundary, tests were performed to measure system damping
as a function of Cx/U. The method used was to induce a two modal diameter

se,-nd family mode at 1200 rpm using the Piezoelectric Crystal Excitation
System and then abruptly cut off the input simultaneously recording the decay

of vibratory signatures from all the blades. These decay signals were anal-

yzed using a time domain analysis based on Ref. 8. Tests were conducted for
both the tuned and mistuned conditions of the R-80 fan.
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Considerable care was necessat iin ieducing this dat a and only a judic-

ious choice of channels based on several trials led to meaningil teskilts.
First of all, it was found that .elimination of noise at 60 lIz and its har-

monics (particularly at 300 Hz) was essential. Secondly, different choices
of blade data channels were made to accentuate a particular orientation of a
stationary 2ND mode. These choices are designated as "spatial filters" and -- -

in each of the choices, those channels close to a nodal line are discarded.

This series of tests was aimed at establishing any trend system damping
may have as the fan approaches the stall boundary. With the care needed and
exercised in the choice of data and elimination of noise, the reduced data
indicates a trend only for the mistuned assembly as can be observed from
Fig. 143. A band of "probable variation" in damping is indicated to reflect
data interpretations having high confidence factors in the time domain -
analysis. The dip in damping at the low end of C,/U is consistent with the

concept of a tendency towards stall flutter at high AP/Qu. This trend
could be established only for the mistuned fan at 1200 rpm. It could not be

established either for the mistuned assembly at 560 rpm or for the tuned
assembly as can be seen from Figs. 144 and 145. No firm conclusions can
therefore be drawn without additional data.
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XIII. GENERAL SUMMARY AND CONCLUSIONS

A part-span shrouded experimental fan 60 inches in diameter was
subjected to forced vibration in vacuum as veil as in an aerodynamic environ-
ment. The bladed disk assembly consisted of 40 blades made of aluminum. The -

blades were 15 inches long and of aspect ratio varying from 2.5 (tip) to 3.0
(root). Tests were conducted at speeds not exceeding 1200 rpm. In the spin
rig, the assembly was subjected to vibration via piezoelectric crystals
mounted on each blade. In the aerodynamic rig, the uniform flow field 'was
interrupted by a distortion screen so that the cascade of blades experienced
a forcing function of a four nodal diameter pattern in the fixed system.
Responses at both integral and nonintegral order were measured on all
blades.

It has been shown that the piezoelectric crystal excitation system of
the type used in this program is a convenient, reliable and accurate way of
imposing vibration in a rotor to study its dynamic behavior. The system was
developed over a period of nearly two years and served well throughout the
program, including in the aerodynamic testing phase. It was only at the very
end of the program some channels appeared to be ineffective. It is concluded

* that a system such as the one used in this program is feasible in both non-
aerodynamic and aerodynamic environments.

* The rotor had been designed such that the four nodal diameter mode in
the first family would be integral with a rotor speed below the maximum speed
of 1200 RPM. However, because of the mistuned conditions, the nonuniform

* shroud coupling among blades and the close proximity of other circumferential
modes, the low levels of forcing imposed through the crystals resulted in
irregular modal patterns. In contrast to this, under the influence of flow
distortion, the rotor response at integral order was strong and unambiguous
because of the higher excitation forces and the interblade aerodynamic

coupling.

Responses in the second family were satisfactory and twin modes could be

measured with acceptable accuracy. It has been shown that each of the twin
modes can have different and measurable damping factors and that a simple

*analysis using these modes can be formulated to calculate the response of the
rotors provided the other circumferential modes are not too closely spaced.
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One of the important findings from this program is that the maximum
strain levels measured in the deliberately mistuned shrouded rotor are lower
than those measured in the "tuned" rotor. However, the level of tuning in
the "tuned" assembly was such that the comparison is actually between two
mistuned rotors.

The effort to correlate measured strains with the aerodynamic stimulus
has shown an excellent correlation between the principal component of the
distort ion pattern and the corresponding strain pattern. In addition multi-
pies of the principal harmonic are present in the distortion which correlate
with corresponding strain patterns measured in the assembly. However, an
interesting feature of this correlation is that, in addition to backward
traveling waves, forward traveling waves are also present so that the
response pattern in the fixed system will not appear as a standing wave at
integral order speed. Again this feature is attributed to the influence of
mistuning present in the rotor.

That the response patterns of a mistuned assembly do not always followJ

the imposed excitation was abundantly clear in all data analyzed (see for
example, Figs. 56 and 57). Therefore one should not be surprised if a back-
ward traveling wave forcing function resulted in a response pattern contain-
ing a predominant forward traveling wave. It all depends on the degenerate

modes of the system, their phasing and the manner in which they combine. A -
knowledge of the modal characteristics of the assembly is essential in order
to be able to interpret data from forced vibration responses.

Although these tests were conducted in two rigs (the spin rig and the
aerodynamic rig with different support systems) a comparison between the
values of damping in the second family of modes measured in the aerodynamic
environment can be made with those measured in vacuum in the'spin rig. The
overall range of damping (loss factor) measured in the aerodynamic tests was
from 0.002 to 0.011 depending on the system configuration (tuned or mistuned)
and on the mode. Comparing these values with those from tests in vacuu.m for
similar configurations and modes, the maximum contribution from aerodynamic
damping for the test flow conditions (low Mach number, reduced frequency of
about 0.4 on a semichord basis) was 0.007 as measured in the 3ND mode for the
mistuned assembly at 1200 rpm.

For the first family 4ND response, the comparison between the damping
values obtained in the vacuum and aerodynamic tests is complicated by the
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fact that the strain response caused by the aerodynamic distortion was about
six times that obtained using the crystal excitation. However, in the aero-
dynamic tests, the lost factor was estimated as 0.026 for the tuned system
and 0.034 for the mistuned system. These values are just double that esti-
mated from the in-vacuum tests (0.013-0.015). The in-vacuum estimates were
obtained from the "system total" response variation with frequency. Indivi-
dual blade responses show much lower levels of damping (- 0.005).

Response patterns measured in the vicinity of a natural mode over a
range of frequencies can be quite similar leading to difficulties in identi-
fying twin modes. Care should be exercised in using the criterion of maximum
strain because in a mistuned system a rogue blade could experience a consid-
erably larger strain than the strain due to a weak system mode. This feature
is evident in several of the stickplots in this report. An examination of
the ratio of standing to traveling waves and orthogonality of the modes can
serve as an important criterion.

Tests conducted to examine the influence of exit guide vanes have estab-
lished the presence of modes of patterns equal to the difference between thep
number of blades and vanes. An attempt was made to establish the variation,
if any, of damping as the fan is subjectead to vibration when the pressure on
it changes along a constant speed line. The results for the mistuned --

assembly appears to indicate a tendency toward a dramatic drop close to the
stall boundary. This merits further study. -

Shroud vibratory and steady motions were measured in the spin rig and
contribute the first-ever data of this type. These motions are undoubtedly
small, the steady motions being of the order of 10 to 20 mils at 1200 rpm.
The vibratory motions were of a microslip type with no evidence of stick-slip
type of motion. A thorough examination of the data indicates that the nature ..
of boundry conditions at the interfaces in the first family vibratory modes
is different from that observed in the second family of modes. This implies
that in an analytical model of a shrouded fan, a single representation of the

* shroud boundary may not be adequate to represent all families of modes.

The data generated has proven that extremely small motions can be
measured using the LED technique developed at the Research Center. Measure-
ments in an aerodynamic environment would require additional development

* leading the miniaturized LED units. However, the data, in its present form,
can be used to calculate contributions to damping from rubbing motion at
shroud interfaces.
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